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1 have a friend who's an artist and has sometimes taken a view which I don t agree
with very well. He’ll hold up a flower and say "look how beautiful it is”, and
I'll agree. Then he says "I as an artist can see how beautiful this is but you as a
scientist take this all apart and it becomes a dull thing, ” and I think that he's kind
of nutty. First of all, the beauty that he sees is available to other people and to
me too, I believe. Although I may not be quite as refined aesthetically as he is ...
1 can appreciate the beauty of a flower. At the same time, I see much more about
the flower than he sees. I could imagine the cells in there, the complicated actions
inside, which also have a beauty. I mean its not just beauty at this dimension,
at one centimeter; there's also beauty at smaller dimensions, the inner structure,
also the processes. The fact that the colors in the flower evolved in order to
attract insects to pollinate it is interesting, it means that insects can see the color.
It adds a question: does this aesthetic sense also exist in the lower forms? Why is
it aesthetic? All kinds of interesting questions which the science knowledge only
adds to the excitement, the mystery and the awe of a flower. It only adds. I don't
understand how it subtracts...

Richard P. Feynman
The pleasure of findings things out: The best short works of Richard P. Feynman



Abstract

The transformation of an electrical signal to an optical one, and vice versa, is the main
subject of the research field of optoelectronics. These physical processes are key to a
variety of applications, including photodetection and ultrafast optical communications.
The ever-growing demand for faster, high-performance and cost-effective devices, with a
sufficient response at increasingly lower photon energies, pushes conventional materials to
their limits. Graphene, a single-atom-thick plane of carbon atoms, has emerged as a prime
candidate to fill that gap, since its first isolation in 2004. Its unique electronic and optical
properties have sparked a vast amount of research regarding its use in optoelectronic and
photonic applications. As a result, huge advancements have been made during the last
decade regarding its synthesis and integration with mature semiconductor technology, to
realize novel optoelectronic devices.

In this thesis, the use of graphene, alongside mature Si technology, is computationally
explored to design and optimize novel graphene-based photodetection and optical modu-
lation schemes. To do so, a self-consistent multi-physics simulation framework is devel-
oped, including all graphene’s carrier dynamics, accounting for its optical response, carrier
heating and cooling, electronic properties and heterojunction formation. The developed
framework can be used for full device representation and is utilized to study optoelectronic
devices under realistic considerations spanning from near-infrared up to the THz spectra
regime.

The devices designed and studied with the aforementioned simulation framework de-
monstrate graphene’s potential and competitiveness for realizing optoelectronic devices in
CMOS-compatible configurations. In the near-infrared a free-space optical modulator op-
erating in reflection mode is designed, combining graphene’s electro-absorption tunability
with dielectric Bragg cavities. Using practical considerations to optimize the device archi-
tecture, it shown that deep amplitude modulation (~ 30 dB) with small insertion loses (<3
dB) at GHz modulation frequencies is possible, independently of graphene quality (i.e.,
carrier mobility). In the mid-infrared, thermionic graphene/Si Schottky photodetectors in-
tegrated with dielectric Bragg cavities are presented, utilizing graphene carrier heating to
enable photo-thermionic emission across the Schottky barrier in a multi-spectral photode-
tection scheme. It is shown that under proper device optimization, external responsivity
of ~ 1 A/W and detectivity up to 107 cm Hz’> W™ can be achieved, in an ultrafast pho-
todetection platform. This photodetection scheme is further expanded in the far-infrared
regime, where the plasmonic resonances of graphene nanoribbons, forming a series of
graphene/Si Schottky contacts, are exploited to generate thermalized carriers, upon plas-
mon decay, and enable thermionic emission across the junction. In this configuration, it is
demonstrated that photocurrent generation can be achieved, enabling the electrical detec-
tion of graphene plasmons, with external responsivity up to ~ 110 mA/W and noise equiv-
alent power ~190 pW/Hz"?. This novel scheme is further utilized to realize label-free
chemical sensing, using the surface-enhanced infrared absorption enhancement method,
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where the presence of an analyte molecule in the vicinity of graphene can be detected and
directly monitored by photocurrent changes, probing its molecular fingerprints. Finally,
the developed framework is utilized to provide theoretical support in THz time domain
spectroscopy experiments. Simulations, performed within a fitting scheme, yield perfect
agreement with experiments and are utilized to interpret the self-induced absorption mod-
ulation of ~ 30 dB, realized in a thin-film graphene-based absorber under intense THz
illumination, and provide insight into graphene’s carrier dynamics upon photoexcitation.

The methods and computational tools developed in this thesis are validated by experi-
ment and can be used for robust and reliable simulations of graphene-based optoelectron-
ics. Furthermore, they are not material-specific, but they can rather be used with alterna-
tive material platforms, alongside graphene, for the design and optimization of realistic
optoelectronic devices.



IHepiinyn

O petaoynuoTiopds eVOg NAEKTPIKOD CNUATOS GE OTTIKO, KAOMG Kot 1 avTioTpoPn d1odt-
Kaoio, amoTeAel TO KOPLO OVTIKEIIEVO TOV EPELYNTIKOV KAGOOL TNG OTTONAEKTPOVIKNG.
AVTég o1 PuoIKEG dlepyacieg amotehovv TV Pdon ywo éva peyddo €Hpog EQUPUOYDV,
CLUTEPTAAUPAVOUEVTG TNG POTOAVIXVEVOTG KOL TV EEAPETIKA YPTYOP®V OTTIKADV EMIKOL-
voviov. H cuveymg avgavopevn o yuo TaydTtepes, VYNADV EMOOGEDV Kl OTKOVOLLL-
K6 OMOO0TIKOTEPEG GUOKEVEG, LLE EMAPKT] ATOKPIOT) GE OAO KOl LEYAAVTEPOL UNKT] KOUATOC,
w0l Ta cupPatid VA ota Opd Tove. To Ypapévio, Eva LOVOOTOUIKOD TTéYoVG eEaymVL-
KO mAéypa avOpaxa, £xet avaderyfel g Wavikd LAKO Yo vor KaAOWEL oVTd To KEVA,
Ao TNV OTIYUN TNG OMOUOVAOONG TOV MG HOVOOTOUIKO UAA0 To 2004. Ot povodikég
NAEKTPOVIKES KO OTTTIKES IO1OTNTEG TOV £XOVV TVPOOOTNGEL TANODPO EPEVVOV GYETIKA LLE
™ (PY|O1 TOV GE OTTONAEKTPOVIKEG KOl POTOVIKES EPOPHOYES. L0V ATOTEAEGLA, TEPACTLO
Brnata £yovv emtevyBel koTd TV TEAELTOLN dEKOETIOL OGOV apopd TN cvuvBeon Kal TV
EVOOUATOON TOV LE TNV OPLUN TEYVOAOYIO UIOY®YDV, Y10, TNV DAOTOINGT TPOTOTOP®OV
OTMTONAEKTPOVIK®OV S1aTAEEDV.

e autr) T O TPIP1| M XPTON TOL YPAPEVIOV, GE GLVEPYAGIN LLE TNV DOPLUN TEXVOAOYiN
mTopLtiov, SIEPEVVATOL VTTOAOYIGTIKA Y10 TO GYEOAGUO Kol T BEATIOTOTOINGT TPOTOTOPWV
STAEEMV POTOUVIXVEVOTG KO OTTTIKNG SLapOpPong. ' tov okomd avtd, avamtdydnke
€V0L 0VTOGVVETEG VITOAOYIGTIKO TOKETO, TO 0TO10 TEPIAAUPAVEL OAO TO EVPOC TNG OLVOLLL-
KNG TOV QOPEWMV TOV YPAPEVIOV, Aapfavovtag vdyty Tnv 0Eppoaven Kot yogn Tmv opimv
QVTAV, TNV OTTIKY ATOKPLON KO TIG NAEKTPOVIKEG 1O10TNTEG TOV YPAPEVIOV KABDS Kot ToV
OYNUOTIGUO ETEPOETAP®V YPUPEVIOV. To VTOAOYIGTIKO TOKETO AVTO UTOPEL VOL YPNGLUO-
momBel ylo TV AN PN Kol PEAAIGTIKT OVOTOPAGTACT] OUTAEEWV Kol XPNCUYLOTOLEITOL Y10l
TN UEAETT) OTTONAEKTPOVIK®DY EPAPLOYDV TOV EKTEIVOVTAL QIO TO €YYVG LIEPLVOPO £mG TOL
THz.

O1 drota&elg mov GYeEdAoTNKAV KOl LEAETHONKAV LE TO TPOAVAPEPHEY VTOAOYICTIKO
TOKETO OVOOEIKVDOLV TIG OLVOATOTNTEG KOL TNV OVTAYWOVIGTIKOTNTO TOL YPAPEVIOL Yo TNV
VAOTTOINGN OTTONAEKTPOVIKMOV GYNUATOV, TANPOS GUUBATOV LE TV TEXVOAOYIO GUUTAN-
POUATIKOV NHayoyov HeTdArov-o&ediov (CMOS). 1o eyydg vrépubpo oyedtdotnke
£VOG OTTTIKOG OLOHOPOMTIG, LE GKOTO TNV SIOUOPPOOT) AVOKAAGTIKOTNTAG, GLVOLALOVTOC
NV UETARBOAAOUEVT] NAEKTPIKG OTOPPOPNOT TOV YPUPEVIOL IE SINAEKTPIKEG KOIAOTNTES
Bragg. Ywo0stovrog mpaxtikég vrobicelc yio v PeATioTOonoinom e apyLTEKTOVIKNG
™G OtTaéng, Osiyvetal OTL 1 ATOJOTIKY SAUOPPOGT) TOL TAATOVG TNG AVOKANGTIKOTITOG
(~ 30 dB) pe wkpéc andreleg eilcaymyns (< 3 dB) oe vymAéc cuyvotTeg SoUOPP®ONG
(GHz) etvan dvvarn, aveldptnra amd v moldtnTa ToL Ypageviov (dnAadr, Tnv eukivnoio
TOV POPE®V TOV). ZT0 HEGO VIEPLVOPO Tapovctilovtal BEPUIOVIKOT POTOVIYVEVTES £TE-
poemap®mv Schottky ypagpeviov/mupitiov, ekpetailevdpevol v BEpLoven Twv EopEmv
TOV YPOPEVIOV, LLE GKOTO TNV PMTO-0EPUIOVIKT] EKTTOUTY| TOVS TAV® 0TTO TO PPAYLLOL SVVOL-
HIKOV OV oynuatiletal oy OEMPAVELN TNG ETEPOETAPNS, OE L0 TOAVPOCLOTIKT TAC-
TQOPLLO POTOAVIYVEVLONG. AgiyveTal TOC, VOTEPO OO KATAAANAO GYESOGUO Kol BEATIOTO-
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noinon, amokpioudTnTa ~ 1 A/W Kot avigvevticdomta ~ 10 7 ecm Hz® W sivan emitev-
Eeg, o€ Lo TAateoppa tkovn yuo Eonpetikd ypriyopn (GHz) owrtoaviyvevon. H mhatpod-
PLLOL OVTY] GTNV GLVEYELN EMEKTEIVETOL GTO LOKPIVO VITEPLOPO, OTTOV 01 TAUGLOVIKOT GUVTO-
VIoUO1l 6€ VOVOAW®PIOES Ypapeviov, L TG TeElevTaieg va oynuatifouy pio Gepd ETapmV
Schottky ypageviov/mupitiov, ekpetarredovior MoTE va 001N YNGOLV Ge Bépuavon Tov
QOPE®V, EMTPEMOVTAG TNV OEPUIOVIKT EKTOUT TOVG TAV® Atd TO QPAyLHo SVVOLLKOD.
2mv otdtaén ot ETOEIKVOETOL 1] IKOVOTNTO TAPAYMYNG POTOPEVIATOS, EMITPETOVTOG
TNV NAEKTPIKY aviVELGT TAUGUOVI®V YPAPEVIOL, 00NYDVTAG GE ATOKPIGILOTNTA TNG TA-
Eng tov ~ 110 mA/W kat 16odvvaun 1oy Bopdfov ~ 190 pW/Hz%5. H mpotdtumn ovth
dwtaén ypnoomoteital, EMIAEOV, Yo THV VAOTOINOoN €vOg yNUKoy asntipa, LECH
g peBOdov empavelakng evioyvong g vépudpng aroppoéenong (SEIRA), wavov va
aVIYVELGEL TNV TAPOVGia VOGS ovaADTN 0 0moiog PpiokeTal 6E €yyOTNTA LE TO YPOPEVIO,
HETOQPALOVTOG TNV TOPOVGIO TOV GE AAAAYES GTO PMOTOPEVLLO, OVOOEIKVOOVTOS TO LOPLO-
K6 ToV amoTVT®O. TEALOG, TO VITOAOYIOTIKO TAKETO TOL OVOTTUYONKE GE ATV TNV dl0TpL-
BN, viomoteitar Yo va mopéyel BewpnTiK VTOGTNPIEN GE TEPAUATO POGUOTOCKOTIOG
THz oto nedio Tov gpdvov. Ot TPOGOUOIDGELS, GE TEAELD GUUP®VIO LE T TEWPAUATO,
YPNOLOTOLOVVTAL YO TNV EPUNVEIN TNG OVTO-ETAYOUEVNG SLOUOPPOCTS TOV TAATOG TNG
aroppoenongs, ~ 30 dB, mov mapoatnpndnke oe po d1dtaEn Aemtov vueviov pe Bdon To
YPOQEVIO VOTEPA A 1GYLPT aKTIVOPOANCoN He TaApovg axtivofoiiag THz, mapéyovrog
TANPOPOPIES Y10 TNV SLVOUIKN TOV POTOSEYEPUEVOV POPEMV.

Ot péBodot kat ta VTOAOYISTIKG epyaleiat TOL avomTLYXONKAY GE VTN TN SaTPPn
EMKVPOVOVTOL TEPAUATIKA Kol LTOpOovV Vo, YPNCIHLOTONO0VV Yo TNV TPAyLOTOTTOINGN
AEOTOTOV TPOGOUOIDGEMY OTTONAEKTPOVIKAOV dtatdéemv pe Baon to ypaeévio. TELOG,
dev meplopilovtal e Pl CLYKEKPIUEVT] OIKOYEVELD DAIK®V, OAAL UTOPOHV VO PN GLULO-
momBovV pe EVOANIKTIKEG TAATPOPLES, TAPAAANAQ LE TO YPOAPEVIO, Y10 TOV PEAAMOTIKO
o006 U0 KoL TNV PeATIoTONOINOT S10TAEE®V OTTONAEKTPOVIKTG.
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Chapter 1

Introduction

1.1 Motivation

Global demand for digital applications has been on the rise for several decades, driving
the need for faster, more efficient, more compact, more stable, and cheaper devices. The
expanding internet traffic and networked devices [1] put constant pressure on the develop-
ment of platforms with increased bandwidth and lower power consumption. Optical com-
munications — which involve the exchange and processing of signals using electromagnetic
waves — are expected to play a key role in this direction [2, 3], interconnecting both de-
vices as well as data centers. Naturally, a key requirement for the development of optical
communication technologies is the transformation of an optical signal to an electric one
and vice versa. The former can be achieved with the help of a photodetector - which can
convert and quantify incident light into an electrical signal - while the latter is possible us-
ing an optical modulator, i.e. a device capable of translating an electrical input waveform
into light pulses. Apart from its crucial role in optical communications, photodetectors are
one of the most important type of sensors, with a wide variety of applications on environ-
mental [4] and industrial monitoring [5], imaging [6], night vision [7], biomedicine [8],
tomography [9] and astronomical observations [10], just to name a few. At the same time,
emerging technologies such as the Internet of things [11] and autonomous vehicles [12]
are expected to increase the demand for photodetectors even further.

The development of devices for the above applications and technologies lies in the
realm of optoelectronics [13], which involve the study of electronic devices that detect and
control light and can be considered as a sub-field of photonics. Naturally, the performance
of optoelectronic devices is strongly correlated with the associated materials used for
their fabrication. Up to date, the golden standard in optoelectronic applications is Silicon
(Si) [14, 15] along with the mature complementary metal-oxide semiconductor (CMOS)
fabrication process [16, 17]. However, there are several aspects of the ever-expanding in-
dustry requirements that Si is striving to cope with. Si technology has managed to keep up
with the need of decreased production cost and power consumption through dimensional
scaling, reducing the physical dimensions of the manufactured devices every couple of
years, an approach which is commonly referred to as Moore’s law. While this approach
has managed to meet the demands up to date, regarding both electronics and optoelec-
tronics applications, it is reaching its limits due to both technical difficulties in further
size reduction [18] as well as the physical boundaries arising from quantum tunneling
phenomena [19]. Furthermore, pure Si is unsuitable for photodetection applications re-
garding wavelengths longer than ~ 1.13 um , given its indirect bandgap of 1.1 eV [20].
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While alternative material platforms have been successfully utilized for infrared photode-
tection beyond Si bandgap, e.g. III-IV materials [21] and HgCdTe [22, 23], covering the
spectral range up to ~ 10 um, their heterogeneous integration with Si technology due to
lattice mismatch and severe manufacturing costs remains an obstacle. Moreover, com-
mon inorganic semiconducting materials are unsuitable for THz applications, since their
bandgap far exceeds THz photon energies [24].

From the above it is clear that existing material platforms cannot simultaneously meet
all the requirements for the development of next generation optoelectronics. Graphene,
with its combination of unique electronic and optical properties, has emerged as an ideal
candidate for the realization of novel, cost and power efficient, broadband optoelectronic
devices [25].

1.2 Graphene overview

Graphene, being the building block of graphite, was initially studied as early as 1947.
Wallace explored the electronic structure of graphene [26] to derive the band structure
and electronic properties of graphite. For a long time, the concept of isolated single layer
graphene (SLG) was thought to be impossible, according to Mermin-Wegner’s theorem
which stated that long-range order should not exist in two dimensions [27].
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Figure 1.1: Graphene related publications per year. Data retrieved from Scopus (www.sco-
pus.com) searching for the term “Graphene” within the title, abstract or keywords of a
publication.

The situation changed in 2004, when Novoselov and Geim isolated graphene flakes
(including SLG) with a size of a few micrometers, taking a first glimpse at graphene’s
exceptional electronic properties [28]. Their groundbreaking work, in which graphene
was acquired by exfoliation of highly oriented pyrolytic graphite, set them on a course for
winning the 2010 Nobel prize in physics [29,30]. The isolation of graphene initiated a
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vast amount of research regarding this material (fig. 1.1), surpassing 20000 publications
per year by the time of the beginning of this thesis. Apart from its potential use in appli-
cations, graphene with its unusual electronic properties initiated a new field in condensed
matter physics, where quantum relativistic phenomena could be mimicked and studied
using table-top experiments [31]. Moreover, the isolation of additional 2D materials, in-
cluding dielectrics, e.g. hexagonal boron nitride (h-BN) [32], and semiconductors, e.g.
MoS, [33], along with the semi-metallic graphene, initiated the vivid research field of 2D
materials and their heterostructures [34]. The first years after its isolation, graphene re-
lated studies were mainly focused on its electronic [28,33,35-39] and mechanical [40,41]
properties. However, graphene’s optical properties [42] and its potential use in optoelec-
tronics and photonics [25] soon attracted the interest of the research community. The
blooming graphene-related research during the mid-2000s resulted in the development of
a whole science and technology roadmap with applications related not only to electron-
ics, photonics and optoelectronics but also to sensors, flexible electronics, energy storage
and generation, composite materials and biomedical applications [43]. Nevertheless, a
significant portion of the large amount of graphene-related research has been dedicated
to photonics and optoelectronics [24, 25, 43—-48], given its appealing properties for such
applications.

The richness of graphene’s unique optoelectronic properties include ultra-high mo-
bilities, reaching values up to 200000 cm?V~'s~! for suspended graphene [49], while
mobility in the order of ~ 5000 cm?V~'s~! can be achieved these days in technologically
relevant substrates [50,51] (e.g. SiO5 on Si), surpassing Si mobility of =~ 1000 cm?V ~!s~!
[52]. Its Fermi level is tunable, in the range of few meV up to ~ 1 eV, in a reversible non-
destructive manner via electrostatic gating [53—56]. Most importantly, graphene has an
ultra-wide absorption spectrum [57], with a flat response in the visible and near-infrared
regimes due to interband transitions [42]. Its absorption spectrum is further extended up
to THz part of the electromagnetic spectrum, due to intraband transitions (e.g. free carrier
absorption) [24, 58]. Given its 2D nature, graphene is additionally an ideal platform for
the realization of plasmons (i.e. the collective oscillations of free charge carriers), with
unprecedented spatial field confinement and low losses [S9—63]. Moreover, graphene with
its ultrafast carrier thermalization and slow carrier cooling [64] is ideal for applications
relying on hot carriers, e.g., photodetection [65—74], non-linear optics [75-81] and light
emitters [80,82—85]. Furthermore, given its high flexibility [40], graphene can be used as
a material for the development of flexible optoelectronic devices [86—88].

A severe constraint towards commercialization of graphene-based optoelectronics is
associated with SLG production in a short processing time, industrially-scalable, cost-
effective and environmental-friendly manner without compromises to graphene quality
(e.g. carrier mobility, defect concentration, wrinkles, vacancies et.c.). Up to date, there
are a plethora of graphene synthesis methods, including both top-down [89] and bottom-
up [90,91] approaches to produce both SLG and multi-layer graphene.

Top-down methods usually use graphite or other carbon-based materials as a precur-
sor and include, among else, mechanical exfoliation [28, 92, 93], liquid-phase exfolia-
tion [94, 95], arc-discharge method [96], unzipping of carbon nanotubes [97] and oxida-
tive exfoliation-reduction [98,99]. Some of these methods, although scalable and capable
of producing high quality graphene, have low yield (e.g. mechanical exfoliation) and
present difficulties in producing products with consistent properties (e.g. unzipping of
carbon nanotubes). Furthermore, some of the above methods rely on the use of expensive
and hazardous solvents (e.g. oxidative exfoliation-reduction, liquid-phase exfoliation) and



CHAPTER 1. INTRODUCTION 4

require high accuracy control while being energy-intensive (e.g. arc-discharge method),
making them unsuitable for large-scale industrial implementation.

Bottom-up methods follow a different path using atomic-sized precursors, other than
graphite, to yield graphene as a final product. Some of the most famous bottom-up meth-
ods are epitaxial growth [100, 101], substrate-free gas-phase synthesis [102], template
route [103] and chemical vapor deposition (CVD) [104-106]. Epitaxial growth and sub-
strate free gas-phase synthesis, although promising, are still under review and more com-
prehensive studies are required to establish their graphene grow mechanisms [91]. Tem-
plate route is not favorable for commercialization, given the tedious washing steps as-
sociated with it and the possibility of destroying the produced graphene during template
removal [107]. CVD, on the other hand, is up to date the most promising graphene synthe-
sis method, regarding the scaling up of producing SLG with adequate quality for photonic
and optoelectronic applications [50, 106], with even a continuous roll-to-roll CVD gra-
phene fabrication method being demonstrated recently [108].

The CVD synthesis route involves the decomposition of hydrocarbon gaseous (e.g.
ethylene, hexane or acetylene), liquid or solid precursors on metallic catalysts (e.g. Cu
or Ni) using high temperatures (650 - 1000 °C). The hydrocarbon precursor, upon touch-
ing the hot surface of the metal catalyst, dissociates into free carbon and hydrogen atoms.
These carbon atoms subsequently diffuse through the surface of the metal catalyst to form
graphene sheets [91, 105, 106]. CVD fabrication methods have the potential to produce
high quality, large area graphene in an acceptable cost. Subsequently, the research on CVD
fabrication of graphene has expanded, implementing a plethora of different precursors and
techniques [91, 105, 106]. Up to date, CVD on Cu is the state-of-the-art (SOTA) fabrica-
tion method for obtaining high quality graphene, suitable for photonic and optoelectronic
applications, in adequate amounts at a reasonable cost [109—111].

Despite the recent developments in SLG fabrication and graphene’s exceptional prop-
erties, it is unrealistic to expect from a single material to meet all the modern demands
regarding optoelectronic applications. For example, ultra-fast carrier recombination in
pristine graphene is a disadvantage for the realization of sensitive photodetectors based
solely on SLG [112, 113]. Moreover, graphene’s ultra-broadband light absorption, even
though impressive given its monoatomic thickness, is relatively weak [42] which is an ob-
stacle for developing high performance optoelectronics such as photodetectors and electro-
absorption modulators. In compensation to the above, graphene is highly integrable with
other materials [112] allowing for the realization of hybrid graphene-based heterostruc-
tures.

One popular approach, during recent years, is the combination of graphene with other
2D materials to fabricate Van der Waals heterostructures for photonics and optoelectron-
ics [24,114-119]. Another approach utilizes the hybridization of graphene with Si and Si-
based substrates (e.g., S105) [44, 120-122], taking advantage of the existing fully fledged
semiconductor technology, while exploiting graphene’s novel merits to counterbalance
Si shortcomings [123-126], discussed in the previous section. The latter approach is ex-
tremely promising, allowing for the development of low cost and large scale optoelectron-
ics compatible with the existing CMOS fabrication processes [127,128], lithography and
integration techniques [129]. In this direction, constant advances are reported regarding
the wafer-scale integration of graphene [50, 130], while an experimental pilot line was
recently launched, with the purpose of standardizing graphene and other 2D materials in-
tegration into Si wafers [131]. Furthermore, there are companies that nowadays already
offer graphene integrated on Si wafers (fig. 1.2), although with carrier mobilities limited
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to ~ 1500 cm*V~!s~! for the moment [132,133].

Figure 1.2: Graphene integrated in 200 mm, 100 mm and 50 mm wafers. Fabricated
from Apllied NanoLayers [132], the photograph depicts samples exhibited during 2022
Graphene Conference.

The up to date relatively low mobilities of SLG in Si based substrates are related to
transfer processes. Even though CVD on Cu fabrication process can deliver high qual-
ity graphene, SLG heterostructure device fabrication involves additional manufacturing
steps, for the transfer of CVD graphene grown on Cu to the desired substrate. During
this procedure, graphene is coated with a polymeric resist, e.g. polymethyl methacrylate
(PMMA), which acts as support layer during transfer. After the transfer of graphene on
the desired substrate, optical or e-beam lithography is used for the removal of the support-
ing polymeric layer [134]. This procedure, however, can leave graphene contaminated
with polymeric residues, greatly affecting its quality and optoelectronic properties [135].
Various methods have been implemented to resolve this issue of polymer contaminants,
with wet chemical cleaning being the most widely adopted one [136]. As a result, after all
the fabrication and transfer steps described above, typical mobilities in large-area samples
does not exceed 5000 cm?>V~'s~! [50, 137]. However, recent studies have managed to
achieve average carrier mobilities up to ~ 7000 cm?V~'s~! for non-encapsulated SLG
transferred on SiO,/Si substrates [51], approaching the mark of 10000 cm?V ~'s~! mobil-
ity at &~ 1072 cm ™2 carrier density, which is considered necessary to realize optoelectronic
and photonic devices competitive with the existing technology [47].

The above briefly outline the developments in graphene fabrication towards large scale
production, and the endeavor for its integration with existing mature technologies. Ad-
vancements regarding these efforts are constantly reported, while the vast amount gra-
phene related research (fig. 1.1) has allowed for a deep understanding in the underlying
fundamental physical properties of graphene. With the above tasks near completion, re-
search on graphene-optoelectronics has shifted, during recent years, towards applications
and device engineering. This thesis is focused in that direction, with the purpose of devel-
oping a reliable simulation framework for full-device representation and the optimization
of graphene-based optoelectronic devices.
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1.3 Scope of this thesis

This thesis aims to computationally investigate graphene’s use in optoelectronic applica-
tions operating from the near-infrared up to the THz regime. To achieve this, two objec-
tives need to be met simultaneously. The first one is the development of a robust multi-
physics graphene simulation framework while the second one is to utilize this framework
to design realistic, novel graphene-based optoelectronic devices.

Regarding the development of the simulation framework, the aim is to include SLG
optical, electronic, and thermal properties as well as the interplay between them in a self-
consistent manner, to accurately simulate graphene’s dynamic optoelectronic response
during device operation. However, it is not the purpose of this work to research graphene’s
fundamental physical properties; this task had already been completed by the time [ began
my Ph.D. studies. At the present, graphene-related research has reached a level mature
enough to start focusing on applications and commercialization of graphene-based opto-
electronics. In this regard, the main idea of the simulation framework developed here is to
make use of all the conclusions derived from fundamental research, isolate the important
parameters regarding graphene’s optical, electronic and thermal properties and study their
interactions. This study needs to be performed under realistic assumptions for all the rel-
evant parameters, considering the restrictions imposed by present fabrication technology,
regarding the quality and properties of both graphene and the materials used along with
it. Taking all of the above into consideration, the simulation framework developed in this
thesis, can be used for full device representations and aims to be a link between funda-
mental physics research and device engineering, towards the design and optimization of
novel graphene-based optoelectronics competitive with state-of-the-art technologies.

This thesis also aims to address several key issues regarding the operation of graphene
based optoelectronic devices. These include, among else, ways to enhance graphene-light
interaction, the exploitation of ultra-fast graphene carrier dynamics and their slow cool-
ing and the optimization of carrier transport across graphene-based heterostructures. The
devices designed and studied here are focused on free-space photodetection and modu-
lation schemes, covering the spectral region from near-infrared up to the THz regime.
Graphene-based heterostructures are studied, mainly utilizing Si and Si-based materials
alongside graphene, given the latter’s compatibility and integration capabilities with Si,
and considering the advantages that can be gained from the exploitation of the mature
semiconductor technology and fabrication processes. Nevertheless, the methods we de-
velop and the conclusions we derive from this thesis, are applicable to alternative config-
urations, with different materials used alongside graphene, including the ever-expanding
regime of 2D materials and their heterostructures.

1.4 Thesis layout

This thesis is organized as follows:

* Chapter 2 summarizes the performance metrics regarding the operation of photode-
tectors and modulators. After a brief summery of graphene-based photodetection
and modulation mechanisms, the state-of-the-art performances of similar devices
are presented.

* Chapter 3 presents an extensive layout of graphene’s electronic, optical and ther-
mal properties, along with a description of graphene/semiconductor heterojunctions.
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The concepts outlined in this chapter are the basis upon which the framework that
was used to study graphene-based optoelectronic devices in this thesis was devel-
oped.

* In chapter 4 the computational methods and tools that are used throughout this thesis
are described. The computational methods for acquiring the optical response of the
studied devices are presented, followed by a brief outline of the numerical tools
utilized for the realization of the simulation framework developed in this thesis.

* Chapter 5 explores the use of graphene for IR optical modulation. A free-space
modulator, where graphene is integrated with an asymmetric Fabry-Perot cavity
is designed. Calculations show that high performance and fast modulation can be
achieved, throughout the IR spectrum, irrespective of graphene quality, upon proper
design and optimization. The results of this chapter were published in ref. [138].

* In chapter 6 the optical, electronic and thermal properties of graphene are put to-
gether in a self-consistent simulation framework, including all carrier dynamics un-
der realistic assumptions, to design multi-spectral graphene/Si Schottky photode-
tectors operating in the thermionic regime. A comprehensive study of all the rele-
vant parameters of operation is presented and, utilizing the conclusions derived in
chapter 5, SLG/Si Schottky photodetectors are integrated in Bragg cavities. The
performance metrics of this photodetection platform are calculated and it is shown
that this scheme can lead to fast and efficient photodetection, capable to operate
throughout the MWIR in a CMOS compatible configuration based on graphene/Si
heterojunctions. The results of this chapter were published in ref. [139].

* In chapter 7 the photo-thermionic emission across SLG/Si Schottky junctions sche-
me, presented in chapter 6, is expanded in longer wavelengths, in the LWIR regime.
Plasmons in graphene nanoribbons, the latter forming a series of Si Schottky con-
tacts with Si, are studied using the FDTD method. Utilizing the methods and con-
clusions derived in previous chapters, a method for their electrical detection is pro-
posed. Moreover, the unique properties of graphene plasmons are exploited to
develop a configuration, based on the surface enhanced infrared absorption tech-
nique, able to detect the presence of an analyte molecule in the vicinity of graphene
nanoribbons and produce a direct electrical readout. The results of the study pre-
sented in this chapter were published in ref. [140].

* In chapter 8 the simulation framework developed in this thesis is utilized to provide
theoretical support and explain the response of THz-TDS spectroscopy experiments
performed from our colleagues in IESL-FORTH. There, a graphene-based thin film
absorber is excited by intense THz pulses, leading to deep self-induced absorption
modulation in THz frequencies. The methods and tools developed in this thesis were
able to replicate and confirm the experimental findings, while providing strong the-
oretical support regarding their origins and allowing for an insight into graphene’s
carrier dynamics at the studied configuration. In this chapter the model developed in
this thesis is experimentally validated while, at the same time, an all-optical modula-
tion scheme is presented, which can find application in ultrafast schemes for custom
beam and pulse shaping of THz sources. The results of this chapter were published
in ref. [141].
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* Chapter 9 includes a summary of the major accomplishments of this thesis, regard-
ing both the designed and studied devices as well as the developed simulation frame-
work. Furthermore, an outlook for the future directions, use and capabilities of the
multi-physics graphene model developed here is presented.

* InAppendix A, the critical coupling mechanism, which is used to enhance graphene-
light interaction in the devices studied in this thesis, is discussed in detail.

* Finally, in Appendix B, computational details about the implementation and efti-
ciency of the developed simulation framework are briefly discussed.



Chapter 2

Optoelectronic devices: Metrics and
state-of-the-art

In the context of this thesis we focus on free-space photodetectors and modulators, which
can be used in free-space optical communications [142—144], light-radars [145], bio-
medicine [146] and many more applications. Moreover, in free-space configuration light
propagation is taking place through vacuum or ambient air, with an ultra-broadband spec-
trum ranging from UV to THz available. Furthermore, free-space configuration is able
to handle much higher optical power than fiber or chip-integrated configurations, ren-
dering it more suitable for high-power applications, e.g. pulse shaping of intense light
pulses [147, 148].

In the following chapter, the metrics regarding the performance of photodetectors
and modulators are presented. Afterwards, a brief outline regarding the mechanisms of
graphene-based photodetectors and modulators is given, followed by a presentation of the
state-of-the-art performances of free-space photodetectors and modulators up to date.

2.1 Photodetectors

Efficient light detection in the IR and THz part of the spectrum is key to a variety of appli-
cations ranging from optical communications [2,3], imaging [6], biomedicine [149, 150],
tomography [9] and more. This task can be achieved using photodetectors, which convert
input light into an electrical readout. Growing demand pushes for the integration of such
detectors with supporting Si based circuitry. It is a challenge for conventional semicon-
ductor devices to meet these specs due to spectral limitations arising from their finite band
gap, as well as material incompatibilities. Graphene is compatible with CMOS Si tech-
nology, as discussed in the previous chapter, while its broadband absorption makes the
SLG-based photodetectors a promising platform. However, despite of SLG compatibil-
ity with Si technology and ever-reducing fabrication cost, there are several performance
requirements that need to be achieved for graphene PDs to be competitive with SOTA
photodetection platforms.
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2.1.1 Photodetection performance metrics
Photodetection Noise

Every PD has an inherent noise signal, i.e. spontaneous fluctuations in its electrical read-
out. Since PDs are mainly used to detect small inputs, spontaneous fluctuations on the
current or voltage readout set a lower limit to the signal that can be detected. It is there-
fore necessary to quantify the noise signal of a PD.

For most PDs the two main noise sources are shot noise and thermal (Johnson) noise
[20,151,152]. Shot noise originates from the discreteness of charge carriers that contribute
to the electrical readout [20, 151, 152] and depends both on photocurrent, i.e. current
readout arising from illumination, as well as dark current, i.e. leakage or reverse saturation
current present at dark conditions, usually arising from the application of a bias voltage.
The mean-square noise signal due to shot noise, normalized to a fixed reference bandwidth
of 1 Hz is [20,151-153]:

(%) = 2 (In + i) 1)
where I, is the photocurrent, ¢4 the dark current and e the electron charge.

Thermal (Johnson) noise occurs in every conductor or semiconductor at finite tem-
peratures due to thermal motion of carriers. Its mean-square value, normalized to a fixed
reference bandwidth of 1 Hz is given by [20, 151-153]:

(i%) = 4kpT/Req (22)

with T the ambient temperature and R., = dV'/dI the equivalent resistance of a PD in
dark [151, 153].
The total mean-square root noise signal is then given by: [20]:

(in) = (%) + (i) 2.3)

External responsivity

An important PD figure of merit is its external responsivity R.,., i.e. its efficiency in
converting the input signal to an electrical readout. It is defined as [20, 153]:

Rewt = Jph/f)in [A/W] (24)

where Jp,;, = J — Jg the photocurrent density, J; the current density readout upon illu-
mination, .J; the dark current density and P;, the input power density.

Noise equivalent power

Having determined the external responsivity and the noise level, one can calculate yet
another important figure of merit, the noise equivalent power (NEP), which is a metric
regarding a PD ability to detect weak signals. NEP is defined as the input power re-
quired to generate a signal-to-noise ratio of one in a 1 Hz bandwidth [20, 151], i.e. the
minimum required input power to distinguish the photosignal from background noise.
NEP is consequently given by the ratio of noise current divided by the external responsiv-
ity [20, 152, 153]:

in

NEP = (2.5)

ext

The unit of NEP is W/Hz"° [152].
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Specific detectivity

Another important figure of merit regarding PD sensitivity is the specific detectivity (D*).
It was introduced by Jones [154], after he observed that NEP depends on detector area A,.
D~ is used extensively in the literature, since it allows a more direct comparison of PDs
with different footprints. It is defined as:

pr= YA
NEP

(2.6)

where A, is the PD coverage area. The unit of D* is cm Hz5 WL, which is also referred
to as 1 Jones.

Temporal response

Finally, of great importance is the time response of a photodetector, i.e., the characteristic
time that a PD takes to switch from the on state (when illuminated) to the dark state (at
dark). The speed performance of a PD can be limited from several factors, e.g. parasitic
resistance-capacitance effects (7rc), transient time of charge carriers across the depletion
region of a junction (7i;) and photon lifetime inside an optical cavity (7,,) [153]. The
longer of the above timescales determines the speed limit of a PD. In most cases, the
longer timescale and the consequent speed limitations arise from 7gc, with the PD cutoff

frequency:
1 1

2T TRC " 27RC
with R and C' the total resistance and capacitance of the PD respectively.

fcutoff = fRC = (27)

2.1.2 Graphene-based photodetection mechanisms

Up to date several mechanisms have been utilized to enable photodetection based on gra-
phene [43,44,155]. The most commonly used of them are schematically depicted in fig.
2.1. A main distinction between them is whether they utilize photoexcited e-h pairs for
photodetection (i.e., photoexcitation-assisted PDs) or thermalized carriers for this manner
(i.e. hot-carrier-assisted PDs).

For photoexcitation-assisted PDs [blue frames in fig. 2.1], the first stage of the pho-
todetection process is photocarrier generation. This is achieved by optical absorption of
incoming photons. Since e-h pair generation is necessary for this type of PDs, incom-
ing photon energy must be larger than the material bandgap, in the case of conventional
semiconductors, or large enough to allow for interband transitions in SLG. This fact sets
a limit regarding the spectral response of photon detectors. Afterwards, the photoexcited
carriers can either transport across the photoactive material in the presence of an electric
field, in the case of photoconductive (PC), photogating (PG) and photovoltaic (PV) PDs
or be directly injected across an energy barrier, in the case of internal photoemission (IPE)
PDs. If the photoactive material contains mid-gap states, the photoexcited carrier could
also relax in these states and get trapped. Finally, in PC, PV, and PG PDs the photocarri-
ers can be collected through contacts applied to the photoactive material or return to their
ground state through some relaxation or recombination process.
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Figure 2.1: Schematic representation of commonly used graphene-based photodetection
mechanisms. Blue frames correspond to photoexcitation-assisted PDs and red frames to
hot-carrier-assisted PDs. (a) Photoconductive (PC) effect. Photoexcited carriers lead to
conductivity increase. Photocurrent can be harvested by applying a bias voltage. (b) Pho-
togating (PG) effect. Trap states lead to photo-induced gating, changing the channel’s
conductivity. Photocurrent can be harvested by applying a bias voltage. (c) Photovoltaic
(PV) effect. Photoexcited e-h pairs, created in the semiconductor, are splitted by the built-
in electric field leading to photocurrent. (d) Internal Photoemission (IPE). Photoexcited
e-h pairs are created by photons with energy below the semiconductor bandgap in graphe-
ne and directly injected over a junction barrier. (e¢) Bolometric (BOL) effect. Increased
T, leads to reduced mobility. The subsequent reduce in conductivity is translated to an
electrical readout by applying a bias voltage. (f) Photothermoelectric effect. 7. gradient
results in photovoltage through the Seebeck effect, generating hot-carrier-induced pho-
tocurrent. (g) Thermionic emission (PTh). Photoexcited carriers, created by photons with
energies below both the bandgap and the barrier height are thermalized via e-e scattering,
gaining enough thermal energy to be injected across the junction barrier.
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PDs relying on the PC effect [fig. 2.1(a)] utilize the increase of the photoactive ma-
terial’s conductivity, Ao, due to photogenerated carriers. An electric field, created by
applying an external bias voltage between two contact electrodes, is used to harvest the
photocurrent originating from this conductivity increase. Following photoexcitation, the
generated carriers can either drift-diffuse on the photoactive material or recombine within
a characteristic timescale 7,.

Graphene based PDs utilizing the PC effect have been demonstrated in several studies.
However, their photoresponse is low, typically with responsivities R < 0.2 A/W [156—
158]. This can be understood since the responsivity in PC effect is proportional to e-h pair
lifetime 7, [151], which in the case of graphene is determined by the ultrafast (< 1 ps)
carrier recombination time 7, [155, 159]. Additionally, the need for a bias application
introduces dark current, increasing noise levels and resulting to low detectivity and high
NEP. Nevertheless, PC SLG-based PDs have a fast temporal response [158], making the
suitable for applications requiring fast photodetection.

A way to increase the photoresponse of SLG based PDs is to utilize the photogating ef-
fect [fig. 2.1(b)]. There are two different implementations of this mechanism. In the first
one, trapping centers are created in graphene itself (e.g. by introducing electron trapping
centers and by creating a bandgap in graphene through band structure engineering [160]),
trapping one of the two type of carriers. In the second implementation, e-h pair generation
occurs in nanoparticles, charge traps or molecules in the vicinity of graphene. Afterwards,
one type of carrier is transferred onto graphene (e.g. by applying a bias voltage), while
the opposite polarity carriers remain on the nanoparticles, molecules or traps [161-164].
This creates a photoinduced gating, with the free carrier-type being recirculated on gra-
phene between a source and a drain electrode. Utilizing a high-mobility conductor, such
as graphene, and long trapping times, the photocunductive gain in PG configurations can
be as high as 108, leading to impressive responsivities in the order of ~ 107 A/W [161].
However, this gain originates from very long trapping times of the carriers, reaching even
~ 1s[165], resulting in slow operation speeds, typically with a cutoff frequency f.uorr <
MHz [44].

While PC and PG PDs rely on external bias voltage to induce photocurrent, the photo-
voltaic (PV) effect [fig. 2.1(c)] is based on the built-in electric field developed in p-n junc-
tions [166,167] or graphene-semiconductor Schottky junctions [ 168]. Graphene/Si Schot-
tky junctions [168] are a popular platform to exploit PV effect using graphene [168—178].
The built-in electric field developed in Si is used to separate the photoexcited e-h pairs[fig.
2.1(c)], so PV PDs can operate in unbiased conditions. However, the application of a bias
voltage is often used to drive the photocarriers out of the junction more rapidly, lowering
the temporal response. This, however, can increase dark current, leading to a lower detec-
tivity and higher NEP. In general, PV PDs can have a responsivity exceeding 1 A/W , with
high detectivity in the order D* ~ 102 cm Hz"®> W™! at ~ ms response times [173, 175].
Faster (~ GHz) configurations have been reported, but with the responsivity dropping in
the ~ 100 mA/W regime and detectivity ~ 10" cm Hz° W~! [176]. However, PV PDs
are inherently limited by the semiconductor bandgap (£, si ~ 1.1 eV [20]), limiting their
operation in the visible (VIS) and near-infrared (NIR) regime.

The spectral response of graphene/Si Schottky PDs can be pushed beyond Si bandgap
by utilizing the internal photoemission (IPE) effect [fig. 2.1(d)]. In this mechanism, light
is absorbed in graphene and photoexcited carriers can be injected above the Schottky bar-
rier height (® ), given that incoming photons have enough energy to overcome this barrier.
Even though this configuration is again spectrally limited by ® 5, it enables photodetection
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beyond Si bandgap, up to ~ 2um [179], including the technologically important band of
1.55pum [153]. Several works have studied the [PE-enabled graphene/Si Schottky config-
uration [153,180—-182], resulting to responsivities in the mA/W regime, detectivities in the
order of =~ 107 cm Hz"° W~! with speeds potentially reaching the GHz regime [126, 153].

All of the above PD mechanisms are, one way or another, spectrally limited, rendering
them suitable for photodetection in the VIS up to MWIR spectral regime. Graphene based
hot-carrier-assisted PDs [fig. 2.1(e) — 2.1(g)] on the other hand, utilize graphene’s ultra-
broadband absorption, fast carrier thermalization and slow carrier cooling [64], to realize
spectrally-unlimited photodetection, extending up to the THz regime [24]. Hot-carrier-
assisted PDs involve the generation of photocarriers through light absorption. However,
since e-h pair generation is not necessary for their operation, both intraband and interband
transitions can contribute to this process, resulting to a broad spectral response. Photo-
carriers subsequently thermalize with the surrounding carriers, generating a hot-carrier
distribution. This procedure, realized by e-e scattering, is ultrafast and very effective in
graphene [183, 184], making the latter an ideal materials platform for this type of PDs.
Consequently, the local or global carrier distribution can have several effects on transport
properties, which can be utilized to generate an electrical readout. For example, in the
photothermoelectric (PTE) effect [fig. 2.1(f)] a gradient in electronic temperature gen-
erates a photovoltage, through the Seebeck effect, resulting in photocurrent generation.
In bolometric (BOL) effect [fig. 2.1(e)] the increased electronic temperature results to a
reduction in electrical conductivity, which can be detected through the appliance of an ex-
ternal voltage. Furthermore, the excess thermal energy of the hot-carriers can be utilized
to enable their injection over a potential barrier, e.g. enabling photo-thermionic emission
(PTh) over the Schottky barrier [fig. 2.1(g)] of graphene/semiconductor Schottky junc-
tions, even for photon energies below both the Si bandgap and the barrier height ¢ 5.

Specifically, the bolometric effect, as discussed, utilizes the temperature-induced mo-
bility reduction in graphene, to detect the decrease in channel conductivity by applying a
bias voltage. Numerous studies have reported high performance graphene-based bolome-
ters [185—188], capable of detecting radiation up to the THz regime, at cryogenically
cooled operation temperatures. At room temperature, however, BOL PDs have lower per-
formance (responsivities < 0.1 A/W) and typically a slow temporal response [189, 190].
The reduced performance is expected since BOL PDs rely on conductivity change with
increasing temperature, Ao /AT,, which is larger at high doping levels and low tempera-
tures [191].

Another promising graphene-based photodetection platform are the photothermoelec-
tric (PTE) PDs [fig. 2.1(f)]. In PTE PDs light absorption generates a local hot-carrier
distribution having an asymmetric temperature gradient V7. If this temperature gradient
overlaps with regions having different Seebeck coefficients, e.g. by introducing a lateral
p-n junction, a photovoltage is created through the Seebeck effect [64]. This photovolt-
age acts as an electromotive force, leading to photocurrent generation. Since the potential
difference in PTE is inherently generated by the hot-carriers arising from light absorption,
there is no need for application of an external bias. This lowers the power consump-
tion and eliminates dark current contribution in the noise of PTE PDs. Moreover, PTE is
a broadband photodetection platform, with graphene-based PTE photodetectors reported
from MIR [67] up to the THz regime [66,192]. PTE PDs have responsivities in the ~ 100
mA/W regime, with NEP down to few pW/Hz", detectivity in the 10 —107 cm Hz"> W~!
and ultrafast response in the order of few ns [66,67]. Recent studies have shown that the
performance of PTE PDs can be improved even further, under proper device design and
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optimization, with potential responsivity in the ~ A/W regime at ~ 100 GHz operation
speed at zero bias [68].

Finally, hot-carrier-assisted PDs can be realized utilizing the photo-thermionic emis-
sion (PTh) configuration [fig. 2.1(g)]. In this mechanism, low energy photons are ab-
sorbed in graphene, redistributing their energy in the carrier bath, resulting in a hot carrier
distribution. Hot carriers in the high energy tail of this Fermi-Dirac distribution can utilize
their excess thermal energy to overcome an energy barrier, e.g. in SLG/Si Schottky junc-
tions [71] or other SLG heterostructures [65, 70, 193]. Responsivity in the order of ~ 10
mA/W with an ultrafast (~ GHz) temporal response has been reported for graphene-based
PTh photodetection [65]. The performance and optimization of PTh SLG/Si Schottky
junction PDs will be analyzed in detail on the following chapters.

2.1.3 State-of-the-art photodetectors

From the above it is clear that realizing graphene-based PDs with high response, large sen-
sitivity, broadband operation and fast temporal response simultaneously, while operating
at room temperature, is not an easy task. Current SOTA IR detector technology utilizes
low (< 0.4 eV) bandgap semiconductors such as HgCdTe [23, 194] or III-V compounds
(e.g. InSb, InAs [195]) with detectivities almost reaching the ideal photodetection opera-
tion when cryogenically cooled. The performance of these PDs remains high even at RT,
surpassing SLG-based PDs performances up to date [194]. However, the ever growing
demand for PDs co-integrated with supporting circuitry (e.g. drivers, amplifiers and pro-
cessors) on the same Si chip requires CMOS compatibility. HgCdTe and III-IV platforms
are not compatible with standard CMOS processes because of cross contamination and
dopant redistribution effects [196—198], requiring separate manufacturing, followed by
complex bonding and assembling processes [199]. Moreover, their fabrication involves
growth techniques such as metal-organic chemical vapor deposition or molecular beam
epitaxy, which are not only incompatible with Silicon monolithic integration but high cost
as well [197,200]. Finally, PDs based on HgCdTe or III-V compounds have a cutoff
wavelength at ~ 10 um due to their finite bandgap [198].

In terms of responsivity, graphene PDs holds the record with ~ 10 — 10® A/W in
the VIS up to SWIR part of the spectrum [161] utilizing a hybrid graphene - quantum dot
platform with trapped carriers. However, due to the long lifetime of carrier trapping, the
aforementioned PDs have a very long response time (< 10 Hz) rendering them unfit for
applications requiring fast photodetection. PDs in longer wavelengths utilize nanostruc-
tures (fig. 2.3) [201] (e.g. colloidal quantum dots, nanowires, quantum wells) along with
[I-V compounds, graphene or other 2D materials (e.g. black phosphorus [202]) with re-
sponsivities up to =~ 10 A/W. For example, a recent study demonstrated graphene-based
PDs, in a platform utilizing gold-patched graphene nanostripes, resulting in 11.5 A/W re-
sponsivity at 20 wm with ultrafast operation speed exceeding 50 GHz [203]. Moreover,
graphene-based PDs utilizing the PTE effect have been demonstrated in the MWIR [67]
and THz [66] spectral regimes, with responsivities in the order of ~ mA/W and ultrafast
(=~ 20 ns) response times.

SOTA performances regarding detectivity (fig. 2.4) are achieved by HgCdTe PDs
[155,194], with D* ~ 10? — 10'° cm Hz"® W™ for wavelengths up to ~ 6 um at ~ 100
ns temporal response for PV HgCdTe PDs [204] and D* ~ 107 — 10® cm Hz*° W for
wavelengths up to ~ 10 pm with ~ 10 ns temporal response for PC HgCdTe PDs [204].
The above cutoff wavelengths can be extended up to ~ 13um if the above PDs are cryo-
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Figure 2.2: Graphene-based photodetectors spectral responsivity up to SWIR compared
with commercially available devices. Temporal response < 1 ns is depicted using red and
green colors while blue corresponds to temporal response > 1 sec. Commercial PDs are
marked in green. Figure adopted from ref. [194].

genically cooled [204]. Graphene-based PTE PDs with D* in the mid-10% cm Hz"> W~!
and ~ 10 ns response time have been reported in the 6-7 um regime [67] while D* ~
10® cm Hz"® W~ with a 50 GHz temporal response has also been reported, with response
up to ~ 20 um [203].

Although graphene-based PDs currently have lower performances when compared
to SOTA commercially available devices, they are fully compatible with Si and CMOS
technology while their operation can be extended beyond MWIR, up to LWIR and THz
regimes. Furthermore, recent developments and ongoing research on large-scale fabrica-
tion methods and scalability are expected to lower manufacturing cost significantly. As a
result, graphene and 2D materials based PDs are expected to become a PD platform highly
competitive with existing IR detection technologies.
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Figure 2.3: Responsivity of various PD platforms based on nanostructured materials
across the infrared part of the spectrum. Figure adopted from ref. [201].

2.2 Optical modulators

Optical modulators are one of the key components of optoelectronic devices, since they
are used to modulate (i.e. vary the fundamental characteristics of) an optical carrier signal,
propagating in free space or in an optical waveguide, upon an external electronic, photonic
or other input [207-209]. Modulators operating in free-space configuration are crucial for
pulse-shaping applications [147, 148], light-radars [145], ranging systems [210,211] and
free-space optical communications [142—144, 212], while they are expected to play an
important role in emerging 5G and 6G technologies [213]. Graphene is an appealing ma-
terial for realizing optical modulators, given its electrostatically tunable optical response
and ultrafast carrier dynamics, on top of its CMOS/Si compatibility and broadband optical
absorption. As a result, an extensive amount of research has been carried out regarding
graphene-based optical modulators [24,214-219], with performances competitive with
SOTA technology in both SWIR [217] and THz spectral regimes [24,219].

2.2.1 Modulation performance metrics

Some of the key figure of merits that characterize a modulator’s performance are modu-
lation depth (MD), insertion loss (IL) and modulation frequency (MF).

Modulation depth

MD is given by the relative change between the maximum and minimum value of the
varying optical readout (e.g. reflectance R or transmittance T) during modulation. It can
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Figure 2.4: Spectral detectivity curves of HgCdTe PDs and PbSe photoconductor at RT.
Detectivity of black arsenic [205] and fluorographene [206] PDs are shown in the same
graph, the later acquired at 77 K. Figure adopted from ref. [155].

be expressed either as a percentage:

Rmax - in Tmax - Tmin
MD[%] = 100 R—R‘“ <or 100 T—) (2.8)

or using decibel units:

max Tmax
MD[dB] = 101log,, };— <0r 10 log,q —) (2.9)

min min

Insertion loss

IL of an optical modulator is also a significant figure of merit, since it is directly related
with the modulator’s energy efficiency. IL quantifies the loss of the input optical signal at
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the on state of an optical modulator. It can also been expressed as a percentage:
IL[%] = 100 (1 — Ryax) (or 100 [1 — Thax]) (2.10)
or in decibel units:

IL[dB| = —101log,q (Rmax) (or — 1010og;, [T imax)) (2.11)

Modulation frequency

Of great importance is a modulator’s MF, i.e. the speed at which it is able to vary the optical
readout between the on and off state. If an electrical signal is used as input, usually MF
is limited by the RC time constant of the involved circuitry. Another limitation could be
related to the optics-limited operating frequency (e.g. in the case of a cavity integrated
modulator), although this frequency is usually much higher than the RC cutoff frequency,
only affecting MF in all-optical modulators [218].

2.2.2 Graphene-based modulation mechanisms

Optical modulators can be categorized in many different ways. Regarding the attribute
of light that they modulate, they can be distinguished in amplitude, phase, polarization
or wavelength modulators. A different categorization can be made depending on the op-
erating principle of an optical modulator. Thereafter, optical modulators can be differ-
entiated in all-optical [218, 220] electro-optic [221,222], magneto-optic [223], acousto-
optic [224,225], thermo-optic [226] modulators and so on. Finally, depending on the
material optical property that is modulated, modulators can be categorized in absorptive
and refractive modulators. For the former, the absorption coefficient (i.e. the imaginary
part of the refractive index) is varied. In the case of graphene, this can be done by varying
the Fermi-level via electrostatic gating [218,220] [i.e. electro-absorption modulation, fig.
2.5(a)] using a typical silicon on insulator substrate [227], an electrolyte substrate [228] or
even resonant optical cavities [229]. This approach, however has operational speeds lim-
ited by the parasitic resistance and capacitance of the electronic circuit. A way to overcome
this bottleneck is to utilize an all-optical modulation scheme, where a pump light signal is
used to control the probe light [218]. In graphene this can be done by hot-carrier-induced
changes in optical conductivity, originating from the absorption of an input pulse [64, 80]
[fig. 2.5(b)].

Finally, refractive modulators vary the real part of the refractive index, e.g. utilizing
the Kerr effect [230], thermal modulation of the refractive index, or using electrostatic
gating. The later, referred to as electro-refractive modulators, are often used as a Mach-
Zehnder interferometer in integrated schemes [209]. It should be noted that often the
modulation scheme induces changes in several optical properties simultaneously, e.g. by
varying the chemical potential in a graphene-based electro-absorption modulator, both the
real and the imaginary part of the refractive index are modulated.
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Figure 2.5: Schematic of graphene-based optical modulation schemes. (a) Electro-optic
modulation. The ability to control graphene’s Fermi-level, hence its optical properties, via
electrostatic gating is utilized to modulate the reflectance or transmittance of a device by
applying an alternating electrical input signal. (b) Hot-carrier induced absorption modu-
lation. In this all-optical modulation scheme, hot-carrier induced changes in graphene’s
optical conductivity, originating from an ultrafast incoming light pulse, are exploited to
modulate graphene’s optical response in the same or in a different frequency of the incom-
ing light.

The above mechanisms have been exploited in a variety of studies to utilize graphene-
based optical modulators ranging from VIS [228], to IR [221,222,231,232] up to the THz
part [227,233,234] of the electromagnetic spectrum.

2.2.3 State-of-the-art optical modulators

Optical modulation in SWIR, especially around A = 1550 nm, is crucial for free-space
optical communications and optical interconnects. At this wavelength propagation losses
in fog [143] and humid conditions [235] are minimized due to lower absorption and scat-
tering compared to lower wavelengths. Interconnect with telecommunication systems is
optimal at this spectral regime, since at 1550 nm optical fibers present a reduced light
absorption [236]. Moreover, with the ever expanding use of optical interconnects, eye
safety is an important issue. Since the outer layer of the human eye (cornea) absorbs light
at 1550 nm [143], it does not allow it to be focused on the retina and cause damage in
human eyesight.

Electro-optic modulation is the preferable method for realizing SOTA optical modula-
tors, since it allows for interconnection with mature circuitry technology [15]. Naturally,
CMOS compatibility is desired for these devices. However, Si is not a suitable material
platform to realize electro-optic modulators, since it does not have a strong electro-optic
response. Even though alternative modulation schemes have been proposed, e.g. thermo-
optic effect [237] or micro-electromechanical (MEMS) devices [238], they are limited to
low speed applications. A workaround towards efficient and high-speed electro-optical
modulation is the integration of Si alongside other materials with strong electro-optic ef-
fects, e.g. Si/Ge heterostructures [239] or graphene [221].
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A popular approach to realize CMOS compatible electro-optic modulation is to utilize
the quantum-confined Stark effect in germanium (Ge) quantum wells (QW) [240, 241].
Since in free-space operation the optical interaction length is limited, a QW based electro-
absorptive modulator is usually fabricated in conjunction with a resonant cavity to achieve
high performance modulation. Typically, this is done using asymmetric Fabry-Perot cav-
ities using epitaxial distributed Bragg reflectors [242,243]. This approach has been em-
ployed in both Si/Ge QWs [244,245] as well as III-IV compound heterostructures [246]
leading to fast, high performance electro-optic modulators operating in the SWIR regime.
A recent study proposed the use of multiple p-n junctions subwavelength gratings, in an
all Si configuration, to realize transmission modulation in a free-space device. Their cal-
culations predicted MD up to 19 dB with a 10 GHz MF for 1550 nm [247].

Graphene, with its electrically tunable optical response [25] is an ideal platform for
the realization or electro-optic modulators. As in the case of QWs, resonant cavities are
also employed in graphene-based free space optical modulators, to enhance SLG light ab-
sorption and increase the modulation performance. Gao et. al. [248] demonstrated the
use of a graphene/boron nitride heterostructure integrated with a silicon photonic crystal
nanocavity, to achieve MD ~ 3.2 dB with a MF of 1.2 GHz at 1550 nm. Sun et. al. [249]
combined a high-contrast grating with graphene and by varying the voltage applied to the
latter managed to modulate the reflection at 1550 nm with a 11 dB MD with speeds up to
~ 0.8 GHz. On a similar approach, Gan et. al. [250] studied an electro-optic modula-
tor in reflection mode, consisting of graphene on high-contrast nanocavity, with a 10 dB
MD at 1 GHz MF and with low loses (IL ~ 1.3 dB) for a resonant wavelength of 1570
nm. Finally, Yu et. al. [229] showcased the possibility of using graphene on asymmetric
Fabry-Perot cavities, using distributed Bragg reflectors, to modulate the transmission of
their proposed device, by varying the electrostatic gating in graphene. Their calculation
concluded that up to 15 dB MD at 5 GHz MF is possible, in a configuration that can be
tuned for operation from the VIS up to the SWIR part of the spectrum. The performances
of the aforementioned devices, regarding electro-optic modulation in free-space operation
at SWIR are summarized in table 2.1.

It should be noted that the review presented in this section is focused in free-space con-
figuration of modulators operating in the technologically important SWIR regime. Free-
space graphene-based modulators with high performances have been reported up to the
MWIR [251,252] and THz regimes [24, 80,227,233,234]. Moreover, a lot of studies
have reported graphene-based modulators with ultrafast response and high performance
in waveguide-integrated schemes [217,253-256].
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Material Operation If

Platform Wavell)ength (nm) measured MD (dB) IL(dB) MF (GHz) Ref. and year
Si/Ge QWs 1429 Yes 3.5 3.7 35 [244], 2012
Si/Ge QWs 1471 Yes 10 1.3 4 [245],2013
GalnAsP—AllnAs QWs 1550 Yes 10 1.0 >0.01 [246], 2005
Si p-n junctions 1550 No 19 \ 10 [247], 2017
Graphene/BN 1550 Yes 3.2 \ 1.2 [248], 2015
Graphene 1550 Yes 11 \ 0.78 [249], 2016
Graphene 1570 Yes 10 1.3 1 [250], 2013
Graphene 700 — 1550 No 15 <5 5 [229], 2015

Table 2.1: State-of-the-art values for optical modulators operating in free-space config-
uration in the SWIR. The columns, from left to right, report the platform of the optical
active material, the operation wavelength, if the study was experimental or theoretical,
modulation depth, insertion loss, modulation frequency and finally the reference and the

year of each study.



Chapter 3

Graphene theoretical background

In this chapter, the theoretical foundation of graphene’s optoelectronic properties is re-
viewed. An extensive layout regarding graphene’s electronic, optical and thermal prop-
erties, along with the description of graphene/semiconductor junctions is presented. The
concepts developed in the following chapter are the basis upon which the self-consistent
model that was used to study graphene-based optoelectronic devices in this thesis was
built.

3.1 Electronic properties

Graphene consists of a planar sheet of carbon atoms arranged in a 2D hexagonal lattice.
Each carbon atom forms four bonds with its neighboring atoms. Three of them are strong
o-bonds, arising from the hybridization of the 2s, 2p, and 2p, orbitals of each carbon
atom. The o-bonds, which lay in the plane of the hexagonal lattice, are responsible for
graphene’s extraordinary mechanical properties [40]. The remaining p, orbitals of each
carbon atom, perpendicular to the hexagonal lattice plane, overlap to create the 7 and 7*
bands below and above the lattice plane respectively. These 7 and 7* bands dominate
graphene’s bandstructure in lower energies and the delocalized electrons in them are re-
sponsible for graphene’s electronic and optical properties [53].

3.1.1 Lattice and band structure

Single layer graphene’s (SLG) lattice structure is depicted in fig. 3.1(a). It consists of two
interpenetrating triangular Bravais sub-lattices, that together form a hexagonal honeycomb
structure [26]. The unit cell consists of one atom of each sub-lattice, labeled as C; and (5
respectively. Given the carbon-carbon bond length a... = 1.42 A [257,258], the lattice

vectors can be found: N
0 =05 (:5)

(09

3.1)

Q

ay =
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while the nearest-neighbor vectors are given by:

0% (1)
8, = 2 (1,-V53) (3.2)
83 = a..(—1,0)

The reciprocal lattice has also a hexagonal structure and the first Brillouin zone is defined
by the reciprocal lattice vectors:

by A\
\\
\\\
K \\\\
M\
, 'I’I kim-
4
I,,
4
'l
b2 ,’,
(@) (b)

Figure 3.1: (a) Graphene’s lattice structure. The sub-lattices C'; (red) and C5 (blue) are
shown along with the lattice vectors a;, a; and the nearest neighbor vectors &1, d2, J3.
(b) Graphene’s reciprocal lattice and first Brillouin zone along with the reciprocal lattice
vectors by, by and the high-symmetry points K, K "M andT.

b= (1.v3)

305c-c

I (1.-v3)

3ac—c

(3.3)

A schematic representation of the Brillouin zone, which includes several high symmetry
points, is depicted in fig. 3.1(b).

At lower energies (< 10 eV), the bandstructure of graphene can be accurately de-
scribed using the tight-binding approximation and assuming only nearest-neighbors inter-
actions [26,53,258]. In this case, the energy dispersion is given by [258]:

C'Ckx C'Ck
1+ 4cos (3042 ) cos (%)

1/2
+ 4 cos® (_ﬁo;c_cky) ]

E(ky, k) =+t

(3.4)
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where ¢t ~ 2.8 eV is the nearest-neighbor hopping energy [53] and the — (4) sign corre-
sponds to the 7 bonding (7* anti-bonding) band. Equation 3.4 is plotted in fig. 3.2(a). At
the six corners of the Brillouin zone, the valence and conduction bands meet each other.
Only two of these points are nonequivalent (due to the two different sub-lattices), labeled
as K /K’ and referred to as Dirac points. Their position also defines the zero energy refer-
ence point, which is commonly referred to as charge neutrality point (CNP). For undoped,
pristine SLG and zero temperature, the Fermi level resides at the Dirac points, making
graphene a zero-gap semi-metal [33].

1

1

Energy (eV)
o & b Lo s o

—9 !

ky(m/a)

Figure 3.2: (a) Graphene’s energy dispersion as described by eq. 3.4 (b) Linear energy
dispersion for low energies (< 1 eV) around the CNP as described by eq 3.5.

Equation 3.4 can be expanded around CNP for small wavevectors (corresponding to
energies up to ~ 1 eV), yielding the linear low energy dispersion relation [26]:
3t

2
with 7 the reduced Planck constant and vps g ~ ¢/300 ~ 10% m/s the SLG Fermi ve-
locity [26,53]. Equation 3.5 resembles a Dirac Hamiltonian for massless Dirac fermions,
moving with a velocity vpsig [31,33]. Within this low energy regime, conduction and
valence bands have a conical shape [fig. 3.2(b)], with the Fermi surface scaling linearly
with energy. This linear dispersion is unique in graphene, in contrast to conventional semi-
conductors which are described by parabolic dispersion relationships [27]. The resultant
density of states is proportional to energy [53]:
9sGv
V(G) - 27T(hUF,SLG>2 ’6‘ (36)

with g; = ¢, = 2 the spin and valley degeneracies respectively. The charge density at
zero temperature can be found by integrating eq. 3.6:

E(k) =+ |k| = ihUF,SLG |k| (35)

€ 62
n(e) = v(e)de = —— 3.7
@ = [ vieue = s, @)
from which the SLG Fermi level E'r g1 can be correlated to the charge density:
EF,SLG = sgn(n) hUF,SLG\/ ™ |n| (38)

where n > 0 for electrons and n < 0 for holes.
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3.1.2 Doping graphene via electrostatic gating

One of the most appealing properties of graphene, regarding optoelectronic applications,
is the ability to control £'r g using a gate voltage [28]. Given graphene’s gapless nature,
Ers16 can be tuned continuously from 7 to p doping [31] by injection of electrons or holes
(eq. 3.8). By applying a potential difference across SLG and a metal (or a doped semicon-
ductor), separated by a dielectric with thickness d and dielectric constant ¢,., charge An is
induced in SLG, described by a simple capacitor model [28]:

_ GV _ s (3.9)

e ed

where () is the gate capacitance, €, the vacuum permittivity and e the electron charge.
A common configuration for electrostatic doping of graphene, initially demonstrated by
Novoselov and Geim [28], is the usage of SiO, as backgate dielectric, on top of a doped Si
substrate [fig. 3.3]. Electrostatic gating not only allows for the Erg g control in an easy

An

V,<0 V=0  V;>0

Figure 3.3: Schematic representation of graphene electrostatic doping. A common con-
figuration, with a SiO, backgate dielectric on top of a n-doped Si substrate is depicted.
The top inset illustrates the changes in Er g1 in respect to the applied bias, assuming the
ideal case of pristine SLG, i.e. Fpsig =0atV, = 0.

and convenient way, it is also a fully reversible and non-destructive method to achieve
this. Combining eqs. 3.8 - 3.9, Er g1 can be correlated to the applied voltage:

megerVy

ed
Note that the inset of fig. 3.3 illustrates the ideal case where Frg g = 0 for V, = 0. If
graphene is extrinsically doped (e.g. due to charge transfer from a substrate or fabrication
procedure), a gate voltage V,, must be applied to reach CNP.

EF,SLG(Vg) = hUF,SLG (3.10)
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Apart from the configuration of fig. 3.3, alternative implementations can be carried
out for electrostatic doping, considering the target application. For example, in THz ap-
plications it is a common technique to use porous polymeric substrates containing ionic
liquid electrolytes to implement electrostatic gating [55, 56,228,259, 260].

3.1.3 Equilibrium chemical potential

Er g1 sets the net SLG charge density at zero carrier temperature (7, spg = 0). Assuming
n-doped SLG, at T, 51 = 0 the electron and hole densities are:

2
EF,SLG

55 Mhsie (Ersig, 0) =0 (3.11)
m (hUF,SLG)

Te,SLG (EF,SLGa 0) =

0.5

|ErsLc| = 0.50 eV

0.4r

0.3F 4

0.2

|IUSLG| (CV)

‘l‘)/gg]‘(;‘ = 0.25 eV i
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Figure 3.4: Equilibrium chemical potential |us; | calculated using eqs. 3.12 and 3.13 as
a function of carrier temperature T, 51 for |Epsig| = 0.50 eV (red line), 0.25 eV (green
line) and 0.05 eV (blue line). Positive (negative) values of Ergi g and o corresponds to
n-doped (p-doped) SLG.

At T, 516 > 0 and thermodynamic equilibrium, i.e. same temperature 7 s for elec-
trons in the conduction band and holes in the valence band, the individual charge carrier
concentrations increase, due to thermal excitation from the valence to the conduction band,
but the net charge remains constant:

2
FSLG
Nesia (psLa, Tesig) — nusi (psia, Tesig) = P (3.12)
TA"VpsLG

with pgp g the equilibrium chemical potential (1« > 0 for n-doping and iz < 0 for p-doping).
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The temperature-dependent carrier densities are given by [64,261]:

[e.e]

Ne SLG (MSLG>Te,SLG) = /V(E)fFD (G;MSLG,Te,SLG) de
0

(3.13)

[e.9]

Nh,SLG (MSLG,Te,SLG) = /V(E)fFD (6; —HSLG,Te,SLG) de
0

with fFD(E; MUSLG, Te,SLG) = {exp[(e — MSLG)/(]{IBTQ’SLGH -+ 1}_1 the Fermi - Dirac distri-
bution and v(e) the electronic density of states given by eq. 3.6. The chemical potential
itsLg can be determined self-consistently, upon inserting eqs. 3.13 in eq. 3.12. It is appar-
ent that higher T, 5 leads to lower |usi |, as dictated by the charge conservation, while
psic = Ersig as Tesig — 0 (fig. 3.4).

3.1.4 Transport properties

By varying the charge density, one can also modulate the SLG DC conductivity opc sig-
In reality, however, the conductivity never vanishes, even at the CNP. This is because of
a minimum conductivity OpminsLG ~ 4e? /h arising from the quantum mechanical inter-
pretation of carriers near the CNP at low (n < 10''cm~2) carrier densities [262, 263].
Moreover, in most cases even the above value of o, s cannot be reached. That is be-
cause the charge density never completely vanishes, at least locally, due to electron-hole
charge puddles caused by disorder in the form of charge impurities [264]. Typical values
for the residual local charge density fluctuations near the CNP at Si0, supported graphene
are in the range nuyin sig ~ 101 — 102 em™2 [263,265]. Taking numin sig into account, the
SLG dc conductivity is given by:

n
ODC,SLG = Mmin,SLG € [q,SLG <1 + ) (3.14)
Nmin,SLG

where n = n.sig + |nasic| the total SLG carrier concentration and i, 51 is the SLG
carrier mobility. The latter has values that depend on the fabrication process and con-
figuration. Ultra-high mobilities in room temperature, in the order of pi, 516 ~ 2 X
10° ¢cm?V~!s~! have been reported for suspended graphene [266], while values up to
~ 1.4 x 10° cm*V~!s~! have been measured for SLG encapsulated in hexagonal boron
nitride [267]. In the case of graphene suspended on a SiO, substrate, the mobility is lim-
ited by long-range Coulomb scattering with charge impurities [263] and is expected to be
always reduced to values j1, 516 < 4 x 10* cm?V~'s~! [268].

Finally, the charge puddles affect the value of SLG quantum capacitance C, g1 [269,
270]. The later is given by [269]:

2¢” 1/2
C = min / 3.15
¢,SLG Forsio/T (n =+ |"minsLG|) ( )

and, depending on its value and the given configuration, one might need to add its con-
tribution to eq. 3.10 to get accurate results for Ersi(V,). However, in typical SiOy/Si

gating configurations, its contribution is negligible compared to the junction capacitance
and can safely be ignored [270].
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3.1.5 Electronic heat capacity

The electronic heat capacity is an important electronic property, since it dictates carrier
heating, upon illumination with a light source, as well as their subsequent cooling. By
definition, it is given by the temperature derivative of the carriers’ total internal energy

USLG(,USLGa Te,SLG) [64,261]:

U T
CG,SLG(,LLSLG, Te,SLG) = SLGé/;?LG ,SLG) _
e,SLG

(3.16)
9

B 8iZje,SLG

/ 7/(6) € [fFD (E; HSLG, Te,SLG) + frp (6; —HMSLG; Te,SLG)} de
0

where the first (second) term in the integral of eq. 3.16 accounts for electron (hole) in-
ternal energy. c.sig can also be calculated using numerical approximations. At the non-
degenerate limit, 1.e., uspg < kpTe siG, Ce,sLg can be approximated by [271]:

18¢(3
= —(>2 kfgsTez,SLG (3.17)

Ce,SLG ‘,usLG<<kBTe’SLG T (hUFSLG>

where ((3) ~ 1.202 is the Apéry’s constant. For usig < kpT.sig, the approximate
relation of ¢ g scales with 7, 62 sLg- On the other hand, at the degenerate limit, i.e., pig g >
kg1 sLG, the approximate solution of ¢, g1 scales linearly with 77 g1 g following [272]:

2

4 2
Ce,SLG ‘MSLG>>I€BT€,SLG = EZ/<EF,SLG)]€BT€,SLG (3.18)

Figure 3.5 plots both the exact solution as well as the two approximations for ¢, g1 G.
Assuming small initial Fermi level, e.g. Ersig = 0.05 eV as for fig. 3.5(a), the approx-
imation for the non-degenerate case (eq. 3.17) follows the exact solution of eq. 3.16 for
a wide range for temperatures. For highly doped SLG [e.g., Ersig = 0.50 eV as for fig.
3.5(b)] on the other hand, the approximation considering the degenerate limit (eq. 3.18)
results in better agreement with the full solution, but only up to certain carrier temperature
of T, st ~ 700 K. In this thesis the aim is to model graphene-based devices’ temporal
dynamics as the carrier temperature increases, e.g. during illumination, for a wide range
of Ersig. Thus, in all calculations the exact solution described by eq. 3.16 was used.

Note that the record-low values of the electronic heat capacity of graphene [64,273],
in the order of < 1nJem~2 K™, make it an ideal candidate for optoelectronic applications
based on "hot” (thermalized) carriers, since one can achieve significant temperature rise
using low power excitation.
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Figure 3.5: Electronic heat capacity calculated using eq. 3.16 (black dotted line), eq.
3.17 (red line) and eq. 3.18 (blue line) as e function of carrier temperature 7 s g assuming
initial Fermi level (a) EF,SLG = 0.05¢eV and (b) EF,SLG = 0.50 eV.
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3.2 Optical properties

Graphene possesses unique optical properties, making it an appealing material for the de-
velopment of optoelectronic applications. Among these properties are the SLG broadband
absorption, owing to its gapless nature, across the visible and IR part of the spectrum [42]
and the SLG tunable optical conductivity through the control of Er g [25,208].

3.2.1 Optical conductivity

Graphene’s optical response is governed by its optical conductivity O'(S)EtG. The latter can

be distinguished in two terms, one for intraband and one for interband transitions:

t t t
0516(W; 1, TesLa) = Timrasic (Wi 1 Tesia) + Timer.si (Wi 1 TesLa) (3.19)

These are calculated using the Kubo formula [57,274] yielding:

) 00
opt e Ofrp(—€ 1, Te sL) B Afrple p, Tesia)
Ointra.SLG = 20 /0 e[ e 5% de (3.20)
for the intraband and:
: ZQ o] _ . Te _ . Te
oo ie / frp(—€ 1, Te s16) fFé)(E,M, SLG) de (321)
’ Th* 02 —4 (5)

h

for the interband term. In the above equations 2 = w+ Z'To;)tl, where 7, is the free electron

relaxation time related to charge carrier mobility in SLG [47] (see discussion below).

Figure 3.6 plots ogr; as calculated from eq. 3.19. The plot considers both the case
of T, s1¢ = 0 K (dashed lines) as well as three cases of finite 7. g1 > 0 (solid lines).
For fiw > 2 |usLg|, the real part of O'(S)EtG converges to the universal frequency-independent
value 0y = e?/4h [42], characteristic for SLG Dirac fermions [263]. At this spectral
regime, og; is dominated by interband transitions. This can be understood by the sche-
matic representation of a photon absorption event depicted in fig. 3.7. Interband transi-
tions for photons with energies w < 2 |usig| are not allowed, given energy and momen-
tum conservation, since the conduction band is already occupied (rightmost arrows in fig.
3.7). This restriction for interband conductivity, commonly referred to as Pauli blocking,
is lifted only for iw 2 2 |usLg| (leftmost arrows in fig. 3.7), where the interband term
dominates yielding the universal value oy. The transition between the interband and in-
traband regimes has a step-like profile, exactly at 7w = 2 |usig|, for T, 516 = 0 K. A
smearing is observed for finite 7, 51 g values. The broadening around /w = 2 |usLg| is en-
larged for greater 7, g1 (fig. 3.6). Eventually at iw < 2 |usig| ngﬁtG becomes minimum,
resulting in the transparency regime.

For iw < 2 |usig|, graphene’s optical conductivity is dominated by free carrier ab-
sorption, described by the intraband term as for eq. 3.20 (middle curved arrows in fig.
3.7). The latter, given that kg7, 516 < psie ~ Ersig, can be described by a Drude-like
expression [275,276]:

O_ppt ~ ﬁ MSLG
intra,SLG 7Th2 w4+ Z.Tcg)tl

(3.22)

In this intraband dominated regime, spanning from mid-wavelength infrared (MWIR) up
to the THz part of the spectrum, UgitG strongly depends on 7,,,. The latter depends on both
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Figure 3.6: Real and imaginary parts of graphene’s optical conductivity (eq. 3.19), nor-
malized to the universal value oy = €2 /4%, for T.sig = 0 (dashed line) and T}, g1 > 0
(solid lines) as a function of photon wavelength. The above calculations ware performed
assuming Ergig = 0.25 eV and a constant 7., = 200 fs.

SLG quality (i.e., contaminants, defects, wrinkles, and non-uniformities) as well as the
substrate on which SLG is placed and the interface quality [47,277]. In the degenerate
limit (usig > kplesig), fixed values can be assumed for 7, ranging from 10 - 300
fs [47]. Since 7,y cannot be directly measured, it can be correlated with carrier mobility
through [277,278]:

HastG = €TonVsic/ Ersia (3.23)

which can be easily extracted from resistivity measurements [266—268].

On the other hand, at elevated carrier temperatures (e.g., due to light absorption), if
one is interested to calculate g, in the intraband dominated regime, the carrier energy
dependence of 7, must be considered [263,279-282]. Free carrier energy-depended scat-
tering is usually described considering two main mechanisms [263,279-282]; short-range
scattering at disorder sites and long-range scattering at Coulomb impurities. For the for-
mer, which is dominant in suspended or encapsulated graphene, acquired by mechanical
exfoliation, the energy dependence of 7, is given by [263,279]:

4h3v% st B
Topt(€) = —ndv(’)ge == (3.24)

where n, is the short-range scattering impurity concentration and Vj the strength of the
short-ranged disorder potential [263]. For this scattering regime, 7, turns out to be in-
versely proportional to carrier energy. The proportionality constant 3 in eq. 3.24 depends
on ng and Vj and can be readily extracted from experiments upon conductivity measure-
ment at room temperature (RT), i.e., 5 = Top(Ersic) Ersic [280-282]. The second
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Figure 3.7: Schematic representation of an intraband (middle arrows), allowed interband
(leftmost arrows) and Pauli blocked interband (rightmost arrows) transition for (a) n-doped
and (b) p-doped graphene.

mechanism, long-range Coulomb scattering on ionized impurities, is dominant on CVD-
grown graphene supported by a substrate [263, 279-282]. In this scenario, the energy-
dependent 7y is given by:

Topt(€) = —S—“b—p = ve (3.25)

where n; is the ionized-impurity concentration and €, the background dielectric constant
[263,279]. In this case, 7oy is proportional to carrier energy, while the proportionality
constant v can be extracted from conductivity measurements at RT, as for the case of the
short-range scattering mechanism, i.e. 7 = Top(Ersic)/Ersic [280-282]. Depending
on the given configuration, eq. 3.24 or eq. 3.25 can be inserted in eqgs. 3.19 - 3.20 to
accurately calculate ogr;.

Conversely, in the visible (VIS) up to MWIR part of the spectrum, where graphene’s
optical conductivity is interband dominated as discussed above, ogr; is independent of the
Topt Values [283].

The optical absorption of suspended SLG is determined by the real part of ogr; [57]:

R{ocH
adfs = % (3.26)
where € and c is the vacuum permittivity and the speed of light in vacuum respectively.
Interestingly, in VIS up to MWIR where ogl; has the universal value oy = ¢?/4#, SLG
absorption turns out to be aiss; = €2/ (4hiegc) = ma &~ 2.3 %, where a = €2/ (4hegc)
the fine-structure constant [42].

The photon energy for transition from intraband to interband dominated U(S)Et@ ie.,
hw = 2 |usL|, can be modulated in a convenient and reversible manner using electrostatic
gating. For experimentally achievable Er g values, in the range of ~ 50 meV up to ~ 1
eV, this transition falls in the MWIR to VIS part of the spectrum. The ability to manipulate
SLG optical conductivity in this manner, sets the scene for a large variety of graphene-
based optoelectronic applications.
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3.2.2 Dielectric function and refractive index

Having determined the optical conductivity, graphene’s dielectric function is given by
[284,285]:

iaggt(i(w; i, TesiG)

€0 wdsLg

(3.27)

GSLG(W; H, Te,SLG) = €c0,SLG

where € s1.g = 5.7 1s the frequency independent part of the dielectric function at high fre-
quencies [285] and ds g = 0.335 nm is the SLG thickness [286,287]. Finally, graphene’s
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Figure 3.8: Real (red) and imaginary (blue) part of graphene’s refractive index as a func-
tion of photon energy (bottom axis) and wavelength (top axis). The vertical black line
marks the photon energy Aiw = 2 |usLg|, below which interband transitions are Pauli
blocked.

complex refractive index:

nsLg = n + ik (3.28)
can be calculated via eq. 3.27 [288]:

R {esig) = n? — k?

S{esig) = 2nk

(3.29)

Figure 3.8 plots graphene’s complex refractive index from the VIS up to the FIR part of
the spectrum, assuming | Ers ¢ = 0.25] eV and a fixed value for the free carrier relaxation
time 7o, = 200 fs. The vertical black line marks the position of iw = 2 |us.g|, around
which the transition from intraband-dominated to interband-dominated optical conductiv-
ity occurs.
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3.3 Graphene plasmonics

Graphene is an ideal platform for the realization of surface plasmon polaritons (SPP).
SPP, which can be regarded as the collective plasma (free charge carrier) oscillations of
a conductor, are bound electromagnetic waves propagating in a metal-dielectric interface
[fig. 3.9(b)]. These modes allow for subwavelength optics and strong electromagnetic
field confinement, useful for a plethora of applications. SPP in graphene [fig. 3.9(b)]
can lead to enhanced SLG light absorption [289-295] (especially when combined with
the critical coupling scheme, described in Appendix A) which is crucial for developing
optoelectronic applications.

An immediate advantage of using graphene over conventional metal plasmonics, is the
ability to control the former’s charge density, e.g. with electrostatic gating. Additionally,
graphene’s 2D nature renders it an ideal platform for the realization of plasmonic appli-
cations, with unprecedented spatial field confinement and low losses, when compared to
conventional metal-based plasmonics [59—63].

SLG
Dielectric €5 f N

GSEP

Metal X

€o (w) f\ \
Z >
@) )/ ‘ Dielectric €; 1

= (b)

Figure 3.9: (a) SPP propagating in a metal-dielectric interface. The red lines qualitatively
show the field profile (b) SPP bound on SLG surface, sandwiched between two dielectrics.

3.3.1 Surface Plasmons on metal-dielectric interfaces

Before the description of graphene plasmonics, it is instructive to introduce the concept
of SPP in the conventional metal-dielectric platform. In this section, a brief overview of
their key aspects is presented. A complete description of SPP can be found in literature in
a variety of reviews [296-298] and textbooks [299,300].

Let us assume the simple configuration of a dielectric-metal interface as for fig. 3.9(a).
The dielectric is characterized by a positive dielectric constant ¢; > 0 whereas for the
metal a Drude-like dielectric function is assumed, i.e.:

w2

p
W) =€ — —F——— 3.30
calw) = e w? + dwr! (.30)
where w),, is the plasma frequency, €, the dielectric constant at high frequencies (w >
wp) and 7 is the relaxation time of the free carriers [299]. Bound wave solutions can be
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acquired for TM polarization [299] with their electric and magnetic fields given by:

E(l’, t) = (Ej,m X + Ej,z Z) e_”j"’“"ei(ksppx_“’t)
| (3.31)
B(r, t) = Bj,y y e_“J"Z‘ez(kSPPx_Wt)

where the index j = 1, 2 identifies the medium, as for 3.9(a), and kspp is the SPP wavevec-
tor propagating along the x-axis. The wave vector r;, perpendicular to the surface, is given
by:

K; = \/k:gpp —€ew?/c? (3.32)

The continuity of the electric and magnetic fields tangential components result to a rela-
tionship of the form [299]:

€1 62((,0)
m(k‘SPP, W) Hz(k’sppvw)

=0 (3.33)

From eq. 3.33 one can deduce that SPP can only exist in the interfaces of materials with
opposite signs of the real part of their permittivities, e.g., in insulator-metal interfaces,
where €; > 0 and R {e2(w)} < 0. Inserting 3.32 in 3.33, the SPP dispersion relationship
is given by:

w | €6(w)

kspp = — 3.34
spp = e + €2(w) (3.34)

The dispersion relationship 3.34, regarding SPP on a Ag/Si interface, is plotted in
fig. 3.10(a). The dielectric response of Ag is extracted from the experimental data of
ref. [301], while for Si a dielectric constant of e5; = 3.42 is assumed. Note that due to their
bound nature, SPP dispersion curve lies to the right side of the light lines [fig. 3.10(a)]
of air (green line) and Si (red line). Therefore, special phase matching techniques are
required to excite them (e.g., gratings, prisms or other nanostructures). The SPP dispersion
approaches the characteristic surface plasmon frequency [299] w,, ~ 2.3 eV at a finite
value of wavevector kspp. Above this frequency there are also solutions, but they do not
correspond to SPP [299].

3.3.2 Graphene surface plasmon polaritons

SPP can be realized in SLG sandwiched between two dielectrics (including the case of
the top dielectric being air) as for 3.9(b). Again, the main aspects of SPP on graphene
are briefly highlighted and the reader is referred to the extensive reviews [59—62] and
textbooks [63] in literature for a more complete description. The derivation of dispersion
relationship for SPP on SLG is acquired in a similar way as for the metal-dielectric SPP
case, with the difference that surface conductivity of graphene must be accounted for,
when applying the boundary conditions at the graphene-dielectric interfaces [302], i.e.:

opt

4286 (3.35)

€1 i €9
Iil(k?GSP, W) Hz(kGSP, w) Wep

with kgsp being the graphene surface plasmon (GSP) wavevector, and the index j = 1, 2
accounting for the dielectric constants of the mediums below and above SLG respectively,
as for fig. 3.9(b). In the MWIR up to THz spectral regime, a(s’{tG is dominated by intraband



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 37

Ag/Si SPP Air/SLG/Si SPP
2-5 T T T 2-5 T T T T T
20}/<[4 @ | pol[=/7 © ]
> 15 =15
L L
é 1.0H é 1.0¢
0.5 1 0.5
0.0 S 0.0 S
0 10 20 30 40 50 60 0 10 20 30 40 50 60
hckspp (€V) hekgsp (V)

Figure 3.10: (a) Dispersion of SPP in Ag/Si interface. The data for Ag dielectric function
were extracted from ref. [301]. The green (red) curves correspond to the light lines of air
(Si). The SPP solutions converge to the characteristic frequency wsp ~ 2.3 eV. (dashed
line). (b) Dispersion relationship of SPP, assuming SLG on Si, Ergig = 0.45 eV and
Topt = 200 fs. The green (red) curves correspond to the light lines of air (Si).

transitions and can be described using the Drude-like eq. 3.22, given that Ergi 6 > 1. s1.6
and Frgsig > hw. Plugging 3.22 in 3.35, the dispersion relationship for GSP is given by:

2 .
PR L <1+ ! ) (3.36)

e? EF,SLG WTopt

with €, = €; +€;. Equation 3.36 is plotted in fig. 3.10(b), assuming Frs g = 0.45 eV and
a constant 7., = 200 fs. The much greater confinement of SLG SPP is clear, since their
dispersion curve lies much further than the light lines of air (green) and Si (red), when
compared to the Ag/Si SPP case [3.10(b)].

One way to quantify wave localization on SPP is to compare the free space wavelength
A to the surface plasmon wavelength Agpp = 1/(27kspp) by taking their ratio. Losses, i.e.,
plasmon decay due to scattering of charge carriers, can also be quantified by taking the
ratio of the real to the imaginary part of the plasmon wavevector. Figure 3.11 plots these
quantities for the Ag/Si SPP [fig. 3.11(a)] as well as for the GSP case [fig. 3.11(b)]. Itis
clear that GSP have lower loses and greater wave localization compared to conventional
SPP in metal-dielectric interfaces. Note that only the simplest configuration of a metal-
dielectric interface has been reviewed here; there are more complex configurations (e.g.,
metal-dielectric-metal or dielectric-metal-dielectric interfaces) which also support SPP,
with better performance compared to the simple interface case. Nevertheless, none of the
above has the advantages of GSP, namely low losses and strong localization, atop of the
tunability offered by graphene [59-63].

3.3.3 Plasmonics on graphene nanoribbons

In the previous section, it has already been stressed that special phase matching techniques
are required to excite SPP, since the latter are bound surface waves with their dispersion
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Figure 3.11: Propagation length and wave localization for (a) SPP in Ag/Si interface (b)
GSP on air/Si interface, assuming Ergig = 0.45 €V and 74, = 200 fs.

curve lying below the light line. One way to achieve this phase matching, without resort-
ing to gratings or prisms, is to exploit scattering from metallic nanoparticles [285,303,304]
or atomic force microscope tips [305,306] to excite GSP. An additional, straightforward
way to achieve phase matching, is to use nanostructured SLG itself as a scattering plat-
form. The latter can be achieved using either graphene nanodisks [307-312] or graphene
nanoribbons [313-320]. In the contexts of this thesis, we will focus on graphene nanorib-
bons (GNR).

Figure 3.12: Schematic representation of a commonly used periodic graphene ribbon array
with width w and period L for the excitation of GSP, where L = 2w.

A common GNR configuration [313-320] consists of a periodic array of graphene
ribbons, having width w and period L, placed on a substrate, as for fig. 3.12. The GSP
resonances in the ribbons approximately satisfy:

w~n )\GSP/2 (337)

where n is an integer and Agsp = 27/R {kgsp}. That is, a half-integer number of GSP
wavelengths must fit in the ribbon width [317-320]. Plugging eq. 3.36 in 3.37 and taking



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 39

into account that the later turns into an equality if the geometric features of a given con-
figuration are taken into account (e.g. w/ L ratio), the resonant wavelength of the GSP on
a GNR array is given by:

2mhe w

1
A= — €,-€0 (3.38)
e n Ersig

The prefactor n accounts for the hybridization and redshift of plasmons in neighboring
GNRs [317-319], where n — 0 for large (w/L — 0) GNR separations. 7 can also be af-
fected by SPP-cavity interactions, e.g., in the case of a substrate terminated with a metallic
backmirror, in order to enhance the plasmonic resonance [321]. In eq. 3.38 the integer n
corresponds to the plasmonic resonance order, e.g. for n = 1 the lowest energy (bipolar)
resonance emerges [317,319]. Furthermore, from eq. 3.38 it turns out that using GNR
arrays, one has further degrees of freedom for tuning the plasmonic resonance, i.e. the
dielectric environment ¢,., the width w and the rest geometric parameters (w/ L ratio, pos-
sible use of a Fabry-Perot cavity) that determine 7. The above, however, are chosen at the
fabrication stage and cannot be reversibly altered during operation, in contrast to electro-
static gating. The latter can be used to tune £y g1 g and bring the plasmonic resonance in
the desired wavelength.

The use of GNR can be exploited to enhance light absorption on graphene. Depending
on the configuration, up to 100 % light absorption in graphene can be achieved [289,322]
in a straightforward, easy to fabricate and tunable configuration.

3.4 Photocarrier dynamics

In this section graphene’s carrier dynamics upon light absorption are addressed. First, the
ultrafast thermalization of photoexcited graphene carriers is briefly discussed. Next, the
carrier heat dissipation channels, via electron-phonon collisions, are presented. Lastly, the
rate equations that govern carriers’ temporal dynamics upon illumination are formulated,
to accurately describe graphene photoexcitation.

3.4.1 Carrier heating

At finite temperature 7, 51 and thermodynamic equilibrium, graphene’s carrier distribu-
tion is given by eq. 3.13, with a common temperature and chemical potential for both
electrons and holes. The total energy density of the electronic system is then given by:

Eeq = / ev(e) [frp (€ psia, Tesia) + frp (€ —psie, Tesia)] de (3.39)
0

If the electronic system is excited with an energy density F},,, the conservation of energy
dictates:
geq + Fln = ghot (340)

where &,,; is characterized by hot” Fermi-Dirac distributions at an increased tempera-
ture T, s1g. Carrier thermalization occurs via Coulomb carrier-carrier scattering, where
carriers exchange energy and momentum, and is typically concluded within tens of fs
[64,183,184,323,324]. This thermalization leads to broadened a Fermi-Dirac distribu-
tions of graphene carriers, accompanied with a lowering of the chemical potential, as dic-
tated by the charge conservation (eq. 3.12). Both the broadening and the us; g lowering



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 40

have been observed experimentally [325] and have a crucial impact on graphene’s optical
and electronic properties, as we will see in the following chapters.

At this point, it is instructive to briefly discuss the physical mechanisms that lead to
the efficient and ultrafast thermalization of graphene carriers. This thermalization can oc-
cur within a single band (|Epgsig| > kg1, sLg, intraband thermalization) or across both
the valence and conduction bands (| Ersig| < kg7t sic, interband thermalization). For
typical semiconducting materials there are two main carrier-carrier processes; impact ion-
ization and Auger recombination [20]. In the former, a high-energy electron passes its
energy to another, lower energy electron, which is excited from the valence to the conduc-
tion band. The latter is the reverse process, where a high energy electron is degraded from
the conduction to the valence band. These processes lead to an increase, in the case of
impact ionization, or decrease, in the case of Auger recombination, of the carrier density.
In graphene, the same processes can occur, especially in the case of interband thermaliza-
tion [184]. There are also analogous effects taking place across a single band [326], i.e. in
intraband thermalization [327]. In this case, the total carrier density remains constant but
the hot carrier density, i.e. the density of carriers with energy above the chemical potential,
is increased. The intraband impact ionization process is usually referred to in literature as
impact excitation [326,328]. It should be noted that in graphene the impact ionization and
impact excitation processes are favored compared to Auger recombination [183,324,329],
leading to efficient carrier heating.

Let us assume that high energy carriers have been created, e.g. by absorbing a photon
with energy iw > 2Epg . In this case, high energy carriers will be created at =+ fiw/2
around the Dirac point. During impact excitation, i.e. Ergig > kplesig, these high
energy carriers redistribute their energy via inelastically scattering events to other carri-
ers in the Fermi sea, which gain kinetic energy. Secondary hot carriers are created, thus
the impact excitation leads to hot carrier multiplication. In each scattering event, the ini-
tially high-energy carrier exchanges an amount of energy Ae with a carrier within the
Fermi sea. This Ae follows a distribution that peaks around Ergsig [326]. Subsequently,
an initial high-energy carrier can lead to the creation of multiple hot carriers during its
cascade, leading to multiple hot carrier generation per absorbed photon. In the interband
thermalization regime i.e., Ers g < kT, s g, Impact excitation occurs in a similar man-
ner, leading to “real” carrier multiplication, where multiple free carriers can be created per
absorbed photon [329].

So far the case of interband photoexcitation has been considered, i.e. /iw > 2Epgg.
For intraband photoexcitation, where /iw < 2Erg g, the carrier thermalization processes
are similar. The intraband excitation leads to acceleration of free carriers, which will
then redistribute the energy they gained across the Fermi sea, within the same ultrafast
timescale of tens of fs [325]. There have been several studies that demonstrate the effi-
cient carrier heating using intraband photoexcitation, in both MWIR [66] and THz spectral
regimes [280,282,330].

3.4.2 Non-equilibrium photoexcited carriers

In the previous section, it was assumed that during thermalization electrons in the con-
duction band and holes in the valence band are described by a common temperature
T. sie and chemical potential 151 G. However, non-thermal distributions have been ob-
served for tens of femtoseconds after illumination, in the case of interband photoexcita-
tion (iw > 2Erg16) [183,184,323,325,331]. During this short time, the electrons in the
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conduction band and the holes in the valence band are described by two different chemical
potentials, labeled i s1.6 and p1,, g1 respectively. The lifetime of these non-thermal distri-
butions has been measured using ultrafast pump-probe spectroscopy [184] and calculated
using analytical and numerical methods [183], yielding a value 7., ~ 20 fs. In order
to calculate 1. 516 and i, siG, one needs to account for the non-equilibrium photoexcited
carrier density 9,, s stemming from interband transitions. Knowing d,, s; G, one can solve
for the non-equilibrium chemical potentials according to [261]:

NesLG (fe,sics Tesic) = Nesic (UsLG, Tesig) + Onsic
(3.41)

Np,SLG (HU,SLG7 Te,SLG) = NpSLG (MSLGa Te,SLG) + 5n,SLG

where g1 1s the equilibrium chemical potential, calculated from eq. 3.13. For inter-
band photoexcitation, where J,, 51 7# 0, all the quantities that depend on ji516, €.g. eqgs.
3.19-3.21, eq. 3.16 et.c., must instead be calculated using . g1 for electrons and fi,, s1.6
for holes respectively.

It has been shown that for intraband photoexcitation (iw < 2Erg; ), a single broad-
ened Fermi-Dirac distribution is directly established [325], i.e. d,, 5.6 = 0.

3.4.3 Hot carrier cooling in graphene

After their ultrafast thermalization, graphene’s hot carriers will eventually dissipate their
excess energy through several cooling channels [64]. These include electron-phonon (e-
ph) scattering [58,183,184,323,332] as well as diffusive cooing, where carriers cool down
by in-plane heat diffusion on graphene, out of the initially heated spot [64, 66, 68]. In the
context of this thesis, only the first mechanism will be considered, since uniform illumi-
nation (hence thermalization) of graphene is assumed in all of the studied configurations.

There have been numerous studies addressing the e-ph cooling of graphene hot carri-
ers, finding it to occur within a ~ ps timescale [58, 64, 65, 183, 184,323,332-335]. The
heat current density from thermalized carriers to the phonon bath is derived in this section,
explicitly accounting for electron-optical phonon and electron acoustic-phonon supercol-
lisions. Note that yet another cooling pathway may arise from the coupling of hot carriers
to substrate phonons [336]. However, this pathway becomes important only when a polar
substrate is used [64], e.g. SiO,. Moreover, the contribution of this cooling pathway is
even greater when a substrate hosting hyperbolic phonon modes, e.g. hexagonal-Boron
Nitride, 1s used [337-339]. In this thesis, non-polar substrates were utilized (e.g. Si, ionic
liquids) for all the hot-carrier relevant schemes. Thus, the cooling pathway through cou-
pling to substrate phonons can safely be neglected [64].

Cooling through optical-phonon scattering

Graphene has two degenerate optical phonon branches (longitudinal and transverse) at
the I” point of the Brillouin zone, both with energies {r = 196 meV [340-342], corre-
sponding to the G-peak of graphene’s Raman spectrum, which induce intra-valley transi-
tions [343]. Moreover, there is a degenerate phonon branch in the K point of the Brillouin
zone, with energy (25 = 161 meV [340-342], corresponding to the D-peak of graphene’s
Raman spectrum. K phonon modes, induce inter-valley carrier scattering, where carriers
are scattered from the K to the /& valley and the other way around [343]. Both I” and
K phonon modes have the same functional dependence on their respective frequencies
and lattice temperature [333]. This arises from the fact that even though the phonons at
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K point have double the electron-phonon coupling constant when compared to those in
the I" point [333, 344], the latter are doubly degenerate [333,343,345]. The thermal cur-
rent density due to the above phonon modes can be extracted by employing a Boltzmann
collision integral within the Fermi golden rule approximation [345-347]:

9hQ?,SLG (76)2
(hvpsta)*psLc

{N (M) - N <M)} ]:(MSL&Te,SLG)}

kT src ksTi sra

Jop(,uSLGa Te,SLG> Tl,SLG) = Z{ -
Z (3.42)

In eq. 3.42, T} 51 1s graphene’s lattice temperature, psrc = 7.6 X 10~ Kg/m2 the SLG
mass density [49,348,349], 7, ~ 40 eV/nm the derivative of the nearest-neighbor coupling
amplitude (hopping integral) , with respect to SLG bond length [345], N(z) = [e® —1] !
the Bose distribution and the integral F is given by [345,346]:

oo

Flusue: Tose) = / (1 — )| {f[ (e — 1)] — f(uz)} de (3.43)

—00

The summation in eq. 3.42 is performed accounting for both phonon branches, i.e., for
Qr = 196 meV and Q = 161 meV.

Cooling through acoustic-phonon scattering via disorder-assisted supercollisions

Normal (momentum-conserving) acoustic phonon scattering is suppressed in graphene,
due to its small Fermi surface [328, 348]. As a result, this weak cooling pathway re-
sults to slow relaxation times, in the order of ~ ns [346, 350] and can safely be ne-
glected [71,351-353]. However, heat dissipation via the carrier-acoustic phonon pathway
can take in place in graphene through disorder-assisted supercollisions [328, 351-353].
These consist of three-body collisions between carriers, phonons and impurities in SLG
lattice [328,351,353]. With momentum-conserving collisions to acoustic phonons con-
strained by SLG’s small Fermi surface and optical phonon energies ( {2r = 196 meV,
Qg = 161 meV) > kpT, s for T, 51 below a few hundred K, which makes carrier-
optical phonon scattering insufficient at lower temperatures, disorder-mediated scattering
can potentially dominate e-ph cooling using the entire thermal distribution of phonons
[353] and leading to energy dissipation ~ kpl; 1. per scattering event [351]. Disorder-
assisted supercollisions are modeled assuming disordered short-range scatterers with a
mean free path [. The supercollision thermal current is calculated using [328,351-353]:

Jsc(,uc,SLGa o,SLG» Le LG Tl,SLG) = Vsc (TSSLG - E?SLG) (3.44)
with the prefactor ;. given by:

9.62D2 k% 4 (Nesic + Mhsic + 20ns1G)

" 2psi6saghkrsial s (hUF,SLG)4

Yse (3.45)

with n.si6 (nnsie) the e (h) concentration, d, sig the non-equilibrium carrier density
and kr g1 ( the disorder parameter [328,351-353], defined as the product of SLG Fermi
wavevector krgrc and mean free path [ for short-range scatterers. The latter is inversely
proportional to the concentration of impurities [353]. Dgi g is the deformation potential
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for supercollision scattering, i.e. the effective potential associated with lattice deformation
upon disorder-mediated acoustic phonon emission. Literature values are between 10 and
30 eV [49,348,351,352,354]. Here, it is set at an intermediate value of 20 eV [71, 328,
351,352]. In eq. 3.45, ss1 g is the sound velocity in SLG, with theoretical [328,336,343,
349,350] and experimental [49,348,352,353] values ranging from 10* m/s to 2 x 10* m/s.
Here, a value of sg; g = 1.5x 10% m/s is assumed, in agreement with theoretical predictions
accounting for both transverse and longitudinal acoustic phonons [343]. Equation 3.44
was 1nitially derived [351] at the degenerate limit, i.e. psig > k7. sig. In this thesis, its
use is extended in higher temperatures 7, g1 by accounting for all the available carriers
for scattering, i.e. n.siG, 7h s as well as 6, sig (eq. 3.45).

It is an open debate whether e-ph scattering is dominated by .J,, or J,. [328,333,351—
353]. For high quality graphene (e.g ji,5.6 > 10*ecm?V~'s™1, typically encountered in
suspended SLG or graphene encapsulated within other 2D materials [267,333]) J,, is ex-
pected to dominate the e-ph cooling pathway [333]. However, in the case of graphene with
higher impurity concentration (e.g. 5.6 < 10* cm?V~'s71), as for the case of graphene
supported by a conventional dielectric substrate (e.g., SiOs) [268] or nanostructured gra-
phene [321,355], J,. can dominate the e-ph cooling channel [352,353]. For large-scale
SLG, with 1,516 ~ 10* cm?V~'s™!, assigning a mean free path [ ~ 200 nm brings
the J,, and J,. cooling powers roughly at the same level, assuming s g S 0.2 eV and
T.sig ~ 300 K, in which case the optical-phonon pathway is suppressed, as discussed
above.

An effective “instantaneous” cooling time can be assigned to each e-ph pathway, as

for:
i _ CeSLG AT

Ter = = (3.46)

where c. g1 is the SLG carriers’ heat capacity, AT = T, s — 1 sLg and the index 7 stands
either for solely optical-phonon or only supercollision scattering. Figure 3.13 plots this ef-
fective cooling time, as a function of carrier temperature 7. g1 g for different £ g1 g values.
For simplicity, the non-equilibrium photoexcited carrier density is assumed d,, s, = 0 (i.e.
intraband photoexcitation is assumed) and the SLG lattice temperature is considered fixed
at T; spg = 300 K. From fig. 3.13(a) it is clear that the optical-phonon cooling pathway is
insufficient at RT and low Er g g, since in these cases there is a big mismatch between car-
riers’ and optical-phonon energies. For Erg g > 200 meV, both optical phonon branches
are active even at RT, which is manifested by the lower values of 7.7 (hence larger .J,,).
At high T, g1 g, above a few thousand K, a large fraction of graphene carriers are thermal-
ized and 7. converges to a single value, irrespective of the initial Er g1 . The results for
this effective cooling time in the case of supercollision scattering, on the other hand, is
somewhat different. The values at RT are roughly at the same level, no matter the initial
Ergsic. Forincreasing 7. g1 ¢, the cooling times converge to a single value, as for the case
of carrier-optical phonon scattering.

To get the combined contribution of the above cooling pathways, one can use eq. 3.46,
with the denominator J.,, = J,p, + Js or simply add the individual cooling times using
a simple Matthiessen-type rule [356], i.e.:

1 1
-1
== 4+ = 3.47
e (T:ff? ' r:&) 47

The total e-ph effective cooling time is plotted in fig. 3.14 as a function of 7 g g, for the
same Er g g values and assumptions (i.e., fixed 7 51 = 300 K, 6, s.g = 0, { = 200 nm)



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 44

3t _EF,SLG =0.1eV - 3k
EF,SLG =0.3eV
—_— EF,SLG =0.5eV =)

- EF,SLG =0.1eV
EF,SLG = 0.3 eV
—_— EF,SLG =0.5eV

S \
1F ~—]

(b)
300 1000 1700 2400 3100 3800 4500 300 1000 1700 2400 3100 3800 4500
Tesuc (K) Tesua (K)

Figure 3.13: Effective "instantaneous” cooling carrier-phonon times as a function of car-
rier temperature 7, g1, assuming constant 7; g1 = 300 K, for different Erg ¢ values.
Panel (a) plots the effective cooling time accounting solely for carrier-optical phonon
scattering and (b) accounting solely for disorder-assisted supercollision scattering, with
a mean free path [ = 200 nm. In both cases any additional effects arising from non-
equilibrium photoexcited carriers are for simplicity neglected (i.e. d,, st = 0).

as for fig. 3.13. As expected, the total 7. depends on Erg g, with lower values of the
latter resulting to less effective cooling, in perfect agreement with recent reports [333]. 7o
eventually converges to a single value at higher 7% 51 g, where the majority of SLG carriers
are thermalized, irrespective of the initial Fr g1 . This value, however, can deviate drasti-
cally from the respected value in RT, especially in the case of low Er s g. Consequently,
one has to explicitly account for the individual cooling thermal current densities .J,, and J;.
and their temperature dependence, to reliably capture graphene’s response during 7 g1
temporal evolution. The assignment of a single, temperature independent 7.¢, however,
can be used in the case that the examined 7. g1 g rise is small, i.e. AT < T} g6 ~ 300 K,
leading to reliable results [66, 68].

As a final remark, it should be noted once more that in the above a fixed 7; g1 was
assumed. For a more accurate description of 7 g1 evolution, the effect of graphene’s
lattice temperature rise should be accounted for, as discussed in the following section.

3.4.4 Light absorption and carrier dynamics

In this section the equations that describe graphene’s temporal dynamics upon photoexci-
tation are derived. These dynamics are summarized qualitatively in fig. 3.15, assum-
ing interband photoexcitation. Specifically, carrier distributions are plotted assuming
Ersic = 0.15 eV, iw = 0.4 eV and T, 51 = 900 K upon thermalization, well within
the range of carrier temperatures studied in this thesis. Following interband absorption,
non-equilibrium photoexcited carriers are created at +7w/2 in respect to CNP [3.15(b)].
These thermalize through e-e scattering in an ultrafast timescale 7._. = 20 fs [183, 184],
leading to a carrier distribution at an elevated 7. g1 g [3.15(c)]. The thermalized distribution
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Figure 3.14: Total effective instantaneous” cooling carrier-phonon time as a function of
carrier temperature 7 g, assuming constant 7; 51 = 300 K, for different Er g values.
Both optical-phonon as well as supercollision scattering are accounted for, while for the
latter a mean free path [ = 200 nm is assumed. Any additional effects arising from non-
equilibrium photoexcited carriers are for simplicity neglected (i.e. d,, spg = 0).

eventually cools down, through e-ph scattering, at a ps timescale [3.15(d)], as described
in the previous section.

The fast (~ 20 fs) thermalization of graphene’s carriers and their slow (~ ps) cooling
with phonon-modes allows for the description of carrier temporal dynamics using a two
temperature-model [64, 65], where T, g1 and 7] g1 are described by two different rate
equations. For illumination by a pulsed light source with power density P;,(t), these rate
equations become:

oT.,
Ce SLG a’tSLG = asLgPin(t) — Je—pn (3.48)
for graphene’s carriers temperature 7, ;g and
oT;
Cl,SLG g;LG = Je—ph — FSLG—sub(TLSLG - To) (3.49)

for graphene’s lattice temperature 7;516. In eq. 3.48 c.s.6 = cesa(s Tesigs OnsLg) 1S
SLG electronic heat capacity, aspg = asig(TesLa, OnsLg) graphene’s optical absorbance
(acquired for a given configuration via TMM or FDTD simulations, as described in the fol-
lowing chapters) and J._p, = Jop(ptsies Te sias 11,506) + Jse(fe,sLG tho,sia, Tesia, TisL)
the electron-to-phonon thermal current density due to optical phonon and disorder-assisted
supercollision scattering. J._,, 1s dissipated into the phonon bath, consequently it is in-
cluded in the right hand side of eq. 3.49. In the left hand side of eq. 3.49, ¢; 516 1s
graphene’s lattice heat capacity. The latter was extracted from experiments in ref. [357]
and found to scale linearly with lattice temperature, for 7; s up to ~ 600 K. The data
from ref. [357] were used to extract ¢; g1 using a linear parametrization, as for:

J
CISLG = —1.4 x 10_5 + 1.9 x 10_6 T‘l,SLG |: B :| (350)
m“K
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Figure 3.15: SLG carrier distribution assuming Frsi g = 0.15 eV. (a) before photoex-
citation at 7, g1 = 300 K, (b) just after illumination, assuming excitation with photons’
energy iw = 0.4 eV, with the red peaks denoting non-equilibrium photoexcited carriers,
(c) after hot carriers relax into a Fermi-Dirac distribution at an elevated 7, 51 = 900 K,
(d) after e-ph relaxation, cooled back to RT.

This yields ¢; g1 ~ three orders of magnitude larger than c. 51 . As a result, graphene’s
lattice remains at relatively low temperatures (~ 500 K), compared to carriers’ tempera-
tures, even for fairly high values (few thousands K) of the latter.

The thermal energy accumulated in graphene’s lattice is dissipated to ambient air (in
the case of freestanding graphene) or to a substrate (in the case of supported graphene)
with a rate I's; g_sub, While it also depends on 7] g1 ¢ and substrate’s (or ambient, in the case
of suspended graphene) temperature 7;. The values of I's; G_sub, fOr graphene supported
by a substrate, have been explored in numerous studies, usually found in the range of
10 — 1000 MW m~2 K~! [357-359]. The interfacial thermal conductivity between SLG
and a supporting substrate has been addressed considering various substrates [360], the
latter having bulk thermal conductivities, x, ranging several orders of magnitude (e.g.
k ~ 1 W/mK for SiO; while x ~ 300 W/m K for SiC [360]). Interestingly, the interfacial
thermal conductivity with graphene has been reported to not have the same amplitude
dispersion, e.g. a value of ~ 100 MW m~2 K~! was extracted for SiO, substrate and
~ 1000 MW m~2 K~! for SiC substrate in ref. [360]. Naturally, these values can be
affected by the roughness of graphene/substrate contact. In the context of this thesis, for
the studied configurations where carrier heating is relevant and for graphene supported by
Si, a conservative value of I'si G_su, ~ 20 MW m~2 K~! is assumed, in line with values
reported in literature for similar configurations [359].

For a complete and accurate description of temperature dynamics, the non-equilibrium
photoexcited carrier density 6, si.g should also be accounted for, in the case if interband
photo-excitation. The temporal evolution of §,, 51 is calculated by an additional rate equa-
tion [261]:

0nsic  Pin(t) Gintersic  OnsLG

= — 3.51
ot hiw Te—e ( )
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where 7,_, = 20 fs [183, 184] the time for carriers to relax into a thermal distribution
time via e-e scattering, 7w the excitation photon energy (assuming /iw > 2Eprg ) and
Ginter,sLc the interband portion of SLG absorption. Since the total agpg is proportional
to S{esrq } [285] (i.e., to R {05&}), the interband contribution to optical absorption is

determined by:
opt
éR {Uinter,SLG

R {U ioriia,SLG to iOrth:r,SLG

The three coupled rate equations 3.48 — 3.51 can be used to acquire the temporal evo-
lution of graphene’s carrier dynamics upon illumination by a pulsed source. If the duration
of the pulse is longer than all the timescales involved (i.e. Tpuse > Te—e, Teph) OF In the
case of continuous-wave (CW) illumination, these rate equations can be solved for the
quasi-CW case. Equation 3.48 becomes:

(3.52)

Qinter,SLG — (SLG

asLgPim = e—ph (353)

This implies an equilibrium condition, so that the deposited power in the electronic system
Jin = asLg Py, 1s equal to the power removed from the graphene’s carriers and into the
phonon bath J._,;,. Since both ag; g and J._,, are T; 51 dependent, eq. 3.53 must be
solved self-consistently. The two remaining rate equations, in the quasi-CW case become:

Tisic = To + Ui qup Je—ph (3.54)
for lattice temperature and:

Te—e Qinter,SLG Py,

fiw

Susic = (3.55)
for the non-equilibrium photoexcited carrier density ¢, s.g, respectively. Since both sides
of eq. 3.54 (eq. 3.55) are T g1 (e sig) dependent, self-consistent iterations are also
required to calculate them in the quasi-CW case.

Figure 3.16 depicts a flowchart of the self-consistent algorithm used throughout this
thesis to solve eq. 3.53 - 3.55. This algorithm begins by assuming an arbitrary pair of
T¢ s.G — Pi, and then calculates all the relevant parameters (i.e. asig, On,sLG, L1sLG €t.C)
to conclude in a certain J._,; value. The convergence criterion, for a steady state to be
reached, is that the input pair of values leads to the condition ag P, = Je—pn, Where
the incoming and outgoing power to the electronic system is the same. In the following
chapters the agreement of this self - consistent treatment with the rate equations 3.48 —
3.51 will be explored.



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 48

(Assume aTesng - Pin pair)

|—) Calculate agrg(Te,src)| —> | Calculate 0, sr.c(asLa)

|

Calculate Jopn (T sLG, On,SLG)

|

(I J, ph = QSLG Pin <— |Calculate TZ,SLG(Je-ph>

Correction to
assumed P;,

Convergence

Figure 3.16: Flowchart of the self-consistent algorithm developed for the solution of the
quasi-CW equations 3.53 —3.51. Converged is achieved when the initially assumed 7 s g
— P, pair leads to the equilibrium condition J._,;, = J;,, where Jo_,;, = J,, + J,c and
Jin = asLgPin.

3.5 Graphene-semiconductor Schottky diodes

Given its 2D nature, physical and chemical properties, SLG can be integrated with exist-
ing semiconducting technologies to develop next-generation optoelectronic devices [361].
Graphene can be combined with 2D [362] or 3D [112, 168, 363] semiconducting ma-
terials to form junctions with rectifying characteristics, behaving as excellent Schottky
diodes [168]. It has been reported that graphene heterostructures can lead to the de-
velopment of graphene-based photodetection applications [44, 126, 169, 364] and solar-
cells [365,366]. However, the graphene-based Schottky junction is somewhat different
from the conventional metal-semiconductor junction. The biggest difference, in the case
of graphene-based Schottky junctions, is the tunable Schottky barrier height , arising from
the small density of states in graphene [168]. Thus, special treatment is needed for the
description of Schottky heterostructures based on graphene, to accurately describe them
and develop applications based on them. In the context of this thesis, we assume Schottky
junctions formed between SLG and Si. In the following sections we derive the necessary
relationships for the description of Schottky barrier formation as well as the photocurrent
calculation across these junctions.

3.5.1 Schottky barrier formation

In this section the physics of the Schottky contact between graphene and Si are reviewed
and the modeling approach for such configurations is described. Let us consider a SLG
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with electron affinity (energy difference between SLG charge neutrality point and vacuum
level) xsig = 4.5 eV [367] (theoretical value, experiments put it between 4.2eV and 5
eV, depending on metal contacts and fabrication [368]) and initial (i.e. before contact)
p-doping at Fermi level E}’SLG < 0 [fig. 3.17(a)].

unbiased SLG/n-Si reverse biased SLG/n-Si
Schottky junction Schottky junction

A
Dp
Ersic y

++++

(c)

Figure 3.17: (a) Schematic energy levels of SLG and Si before they form a junction. (b-
¢) Schematic energy levels and junction formation in (b) unbiased and (c) reverse biased
junctions.

This SLG is assumed in contact with n-type Si [fig. 3.17(b)]. The Si work-function
1s Pg; = xsi + edsi, where xsi = 4.05 eV is the electron affinity in Si [168], eps; =
Ec¢ si—Ersiis the energy difference between the conduction band E¢ s; and the Fermi level

Ngsi
oS ), where Ngosi = 2.8 X

Ergi in Si and e is the electron charge. e¢si = kpTsiln (
d,Si
10" em™3 is the effective density of states in the conduction band of Si [20], Nys; [em ™3]
is the Si doping concentration, kp is the Boltzmann constant and Tg; is the electronic
temperature in Si. Throughout this work, T5; is set to Ts; = 300 K (given to the larger heat
capacitance of Si compared to SLG [357]). The dopant concentration [V, s; will be varied,
depending on the studied configuration, as will be discussed in the following chapters.
The workfunction of SLG (before contact with Si) is ®g; ; = YsLG — /sG> Where fig;
is the equilibrium chemical potential of the suspended SLG. Upon contact [fig. 3.17(b)],
since Pg; < <I>’SLG electrons will flow from Si to SLG elevating its Fermi level to Frg sig
(thermodynamic equilibrium, i.e., E'ro 1. constant across the junction [168,369,370]) and
workfunction to ®g . At finite T g1 g, this corresponds to a SLG chemical potential 1 s1.6
(posLg < 0, p-doped; p1pseg > 0, n-doped). Assuming no Erg ¢ pinning [371] and ne-
glecting surface-states effects [168,372], the energy balance in thermodynamic equilib-
rium gives a built-in voltage Vj [168]:

6% = q)SLG - q)Si (356)
and a zero bias Schottky barrier height [168]:

Qpo = elp + egsi (3.57)
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The electrons transferred from Si to SLG, leave a space region in Si depleted from carriers.
The depleted charge, in the zero bias case, is given within the depletion approximation
by [168,369]:

Qpsi = eNgsiXdsi = \/2€€SiNd,Si (Vo — kgTsi/e) (3.58)

where xgsi 1s the depletion region width, e5; = 11.7 ¢ is the dielectric permittivity of
Si [20] and ¢, the vacuum permittivity. The same amount of charge is accumulated in

SLG (@psLe = —@psi), shifting E%,SLG to ErosLG-

Figure 3.18: Schematic representation of reverse-biased SLG/nSi Schottky junction.

In SLG Schottky junctions, the SBH depends on s g [168]. Therefore, if the device
is reverse-biased [373,374] with external voltage Vi (positive potential to Si, as for fig.
3.18), e will flow into SLG changing its Fermi level to Epsic = Erosic + AErsia,
where A Ep g1 is the bias induced Fermi level shift. Vi will be distributed between SLG
and Si, i.e. |Vg| = |AErsig/e| + |Vy|, where Vy, is the reverse bias voltage drop in the
Si depletion region, resulting in energy band bending |e(Vp + V};)| [369,370,375]. To
calculate Ergig, ptsig and the reduced SBH @ when the device is reverse-biased, we
consider that the electrical charge transferred across the junction results in a change of
depletion region charge, AQpsi > 0 due to Vé [168,369,375,376]:

/ k Ti
AQpsi :\/2€€SiNd,Si (Vb + Vg — 23 )_

kgTs;
\/QGESiNd,Si (Vo =L S)
e

The same charge is accumulated in SLG (AQsi.c = —A@psi < 0) and causes AEr g1,
i.e. AQsig = e(nsig — nosLg), where nsig = Epg g/ (Th*vf g ) is the e concentration
associated with Epsi6(sia) [57], nosie is the initial e concentration in SLG associated
with Epgsi6(fto,sLg). Combining the above, we get a transcendental equation [369,370,

(3.59)
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375]:

2 2 _
SFEF,SLG - SFOEFO,SLG =

\/F (xsLe — Psi — pisie + €| V| — kpTsi) — (3.60)

\/F (xsLg — Psi — tosig — kpTsi)

where I' = 2€SiNd,Si 7T2h4vj'l?,SLG 6_2, S F0 = Sigl’l(ERSL(}, EFO,SLG)- For Te,SLG — 0,
where psig = Ersig, €q. 3.60 can be solved algebraically, but for finite 7, g1 it needs
to be treated using a self-consistent algorithm [369].

In both unbiased and reverse-biased cases, the built-in potential 1, depends on the
depletion charge, which is itself Vj-dependent. Consequently, self-consistent iterations
are required to calculate V), Ersi g and pispg. A flowchart of the algorithm that was used
throughout this thesis to treat the SLG/Si Schottky junctions and calculate all the relevant
parameters, is depicted in fig. 3.19. An initial value for 1} is assumed and then the deple-

[Assume initial Vo)

Calculate AQsrc(Vo, Vr) | € |

l Correction to Vj

Calculate pspc(ne,sLa, nh.sLa, AQsLa) NIO

Calculate Vj (usLa) | —>

|
YES

Convergence

Figure 3.19: Flowchart of the self-consistent algorithm developed to calculate built-in po-
tential j, Fermi level Er g1 g and chemical potential yi; g on a SLG/Si Schottky junction.

tion charge, arising from this assumption, is extracted. This charge, which is transferred
to SLG, is used to calculate g1 and ps . Finally, the latter is used to calculate the
resulting built-in potential, through eq. 3.56. If the extracted potential Va matches the
initially assumed value V|, convergence is achieved. Otherwise, a correction to the initial
condition about V[, is made and the whole procedure is repeated. Having calculated 1/,
Ersi6 and p1s1.6, the SBH in the reverse-biased case is given by:

Op = el + eds; (3.61)
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It should be noted that several additional effects can also modify the SBH, such as image
force barrier lowering [168,377] (i.e. the Schottky effect) and Schottky barrier inhomo-
geneity [168,377], but for simplicity are neglected in the context of this thesis.
Equations 3.56 — 3.61 can also be used in the case of graphene — p-doped Si (p-Si)
Schottky junctions, with minor modifications. For p-Si, the workfunction of the later
must be calculated using:
O = xsi + By si — eds; (3.62)

where E, i = 1.1 ev is the Si bandgap [20] and e¢s; now corresponds to the difference
between Si Fermi level, E'rg;, and its valence band, Eyg;. In the case of p-Si, this dif-

N .
V) \where Nysi = 1.04 x 10" cm™ the

ference is now given by e¢s; = kgTs;In
a,Si
effective density of states in Si valence band [20] and [V, s; the Si acceptor concentration.

Moreover, Ny s; must be replaced with N, s in eqs. 3.58 and 3.59 as well as in the prefac-
tor I" of eq. 3.60. For graphene — p-Si Schottky junctions, ®g; > ®, , so that holes are
transferred from Si to graphene, both at the unbiased as well as in the reverse bias case
(i.e., negative potential to p-Si). As a result, Si is depleted from holes, and its depletion
region has a negative charge. Apart from the aforementioned changes, eqs. 3.56 — 3.61
hold true and the same self-consistent algorithm discussed above is used to treat them.

To validate the methods described in this section, the configuration presented in ref.
[369] was reproduced using the equations and the algorithm described above. In [369],
graphene was initially (i.e. before contact) p-doped, with a carrier concentration n;l,SLG ~
3.5 x 10'2 em~2. This SLG was then put in contact with p-Si, the latter having a dopant
concentration N,s; = 3 x 10'® cm™3. After the appliance of a reverse bias, SBH was
experimentally determined [369] and the SBH modification as a function of the applied
bias was extracted. The results, as reported in ref. [369], are depicted in fig. 3.20 us-
ing blue dots and the calculations, performed with the algorithm as described above, are
plotted using a red dashed line. The calculations agree perfectly with the reported values,
providing confidence for the robustness of the methods used to calculate SBH throughout
this thesis.

Finally, it should be noted than when modeling graphene/Si Schottky junctions assum-
ing reverse bias application, special caution must be taken to not overcome the reverse bias
breakdown potential. The latter, in the case of Si, is given by [20]:

GSiEcr

BD __
VR = S (3.63)

where E., is the critical breakdown field [20]:

4 x 10°

L- %logm (wllﬁ)

B, = [V/cm] (3.64)

and N = Ny (N,si) for n-doped (p-doped) Si.

3.5.2 Photocurrent across the Schottky junction

Graphene semiconductor Schottky diodes are typically fabricated using moderately doped
semiconductors, with dopant concentrations N < 5 x 10'7 cm~3 [168]. In these configu-
rations, assuming low energy illumination, i.e., energy photons below both the semicon-
ductor bandgap and SBH, photo-thermionic emission (PTh), i.e. the emission of thermally



CHAPTER 3. GRAPHENE THEORETICAL BACKGROUND 53

T T T T T T T

200 @ Q - - -Calculations
~o_ @ Experiment
2
— ‘25 r ~ Q .
2
= °s
~ 30} ¥ . .
g e
* 3
-35¢F ]
_40 1 1 1 1 1 1

20 25 30 35 40 45 50
Vr (V)

Figure 3.20: Comparison for the SBH modification upon reverse bias appliance between
calculations performed with the algorithm described in this section (red dashed line) and
experimental values from ref. [369].

excited carrier across SBH, is the main mechanism of photocurrent generation [168]. Al-
ternative transport mechanisms, e.g., thermionic field emission (TFE) [168,378] and field
emission (FE) [168,378], which include tunneling through the barrier, could potentially
contribute to the photocurrent. However, for N < 3 x 10'" ecm™ and T, 516 > RT, ex-
amined in this thesis, PTh is the dominating mechanism [168], prevailing over TFE and
FE as well as over additional mechanisms such as electron diffusion in the depletion re-
gion [168,379]. Indeed, refs. [65, 168,372] showed that PTh can accurately reproduce
the I-V characteristics across a SLG/Si Schottky junction. It should also be noted that
due to the absence of electronic temperature gradients on SLG for the studied platforms,
photo-thermoelectric effects [66,68] are not expected to contribute to the photocurrent.
For given T, g1, Ts; and @ g, the thermionic current density across a SLG/Si Schottky
junction can be calculated using the Landauer transport formalism [168,372]:
Jo = —Ti v(e)T (e)Df(e) de (3.65)
inj J—oco
where T is the effective injection rate of charge carriers from SLG to Si [65, 168,362,
372,380, 381] and will be discussed in the following section. In eq. 3.65 Df(e) =
frp (€ psia, Tesia) — fro (€ psi, Tsi), T (€) is the transmission probability of charge car-
riers from SLG to Si over 5. For simplicity, a heaviside step function is assumed for the
latter, as for T (€) = © (e — ®FF) [168,372], with PF* the SBH measured from CNP.
There is also a corresponding thermionic thermal current density (J;;), since the trans-
porting electrons carry energy € — uspg across the junction [71]:
Jin = TL v(e)(e — usg)T (6)Df(€) de (3.66)
inj J—oo
This thermal current will contribute to cooling and must be added in the right hand side
of eq. 3.48 (or in the right hand side of eq. 3.53 , if quasi-CW illumination is assumed)
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when SLG/Si Schottky junctions are modeled. However, the carriers injected across SBH,
are transferred in Si directly, not interacting with graphene’s phonon bath. Consequently,
while J;;, must be taken into account for carrier cooling, it does not add thermal energy
into the phonon bath and must not be accounted for in the right hand side of eq. 3.49 (or
eq. 3.54, assuming the quasi-CW case).

Atlow T, si6 (kpTesic < Pp), eq. 3.65 can be solved analytically, resulting in the
ideal diode equation [65,372]:

Je = Asy [R(Ts)e? /5T — R(T, 516)] (3.67)

where A3, = 2eky/ (Twjmh?v} g ) and:

HSLG —@%NP
(I)CNP
R(T) = eksT T2 (/@LT + 1) e kT (3.68)

For T, sig = T5si = T this simplifies to the Richardson equation [20]:
Jo = Jolexp(eV /kpT) — 1] (3.69)

with the reverse saturation current:

ok 2 @%NP —op/kpT
Jo = A5, T T +1)e (3.70)
B

A similar analytical expression can be derived for the thermionic thermal current den-
sity across the junction (corresponding to eq. 3.66):

BVR GVR
Jin = A | Rin(Tesia) — Rth(TSi)ekBTSi - R;h(Te,SLG) + R;h(TSi)ekBTSi (3.71)

where A;, = 2/ (rjmh*vi g ) and

HsLG 9 ‘I)%NP
kT e | (25 n 205" +2le ksT 3.72
Run(T) = eks —B_ .
(1) = eBt kg kT kT ‘ (3.72)
CNP
/ HSLG HONP _‘1)
R (1) = ehsT kT g1 (kifT +1) e kT (3.73)

Figure 3.21 compares the current densities calculated using Landauer transport formalism
(egs. 3.65, 3.66) and the extracted analytical relationships (egs. 3.67, 3.71), as a func-
tion of 7. g1 . For these calculations E;T,SLG = (.15 eV was assumed, contacted with
n-Si (Ngsi = 10 cm™) resulting to a SBH &5 = 0.3 eV at room temperature. The
carrier injection time was set to 7y,; = 30 ps [372]. The two curves slightly diverge for
Tt st > 2000 K. The overall agreement validates the simplified diode equations for low
(kpTe s < Pp) temperatures. However, since a wide range of SBH and 7, ;¢ will be
examined in this thesis, the exact solutions of eqs. 3.65, 3.66 are used in the following
chapters.
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Figure 3.21: (a) Electrical and (b) thermal current densities across a SLG/Si Schottky
junction. Calculations preformed using Landauer transport (red solid) and diode equations
(blue dashed) assuming E}’SLG = 0.15 eV and 7,; = 30 ps.

3.5.3 The carrier injection time

In this section, the carrier injection time across a SLG/Si Schottky interface is discussed.
Its effect on the performance of graphene-based Schottky diodes is crucial, as will become
apparent in the following chapters.

Tinj 1S @ phenomenological parameter characterizing the rate at which charge carriers
are injected from SLG into Si, across the SLG/Si interface [168,372]. Its value depends
on various fundamental and/or device aspects, such as SLG quality [168,372], Schottky
interface quality [65,369,376,382], momentum conservation/relaxation of charge carriers
upon injection over the Schottky barrier [362, 380, 381], Ohmic contact interfaces [168,
372,383], as well as Epgi g and T, g1 [362,380,381].

It remains an open question of how low 7;,; can be achieved at the SLG/Si interface.
E.g., Tij ~ 0.11ps was extracted for SLG/n-Si Schottky junctions in [380] and ~ 50
ps for Schottky/n-Si Schottky junctions in [372] using Cr/Au contacts, the latter drop-
ping to ~ 0.13 ps if Pd metal contacts are used instead [372, 383]. A theoretical es-
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timation of a lower bound for 7, [381], using the Fermi liquid theory for doped SLG
[381] (|Ersig| > kpT.sLg) and the Dirac liquid theory for intrinsic SLG (| Epsig| <
kT, sLc) [381], derived minimum values 7i,j ~ %|Ersig|/ (kT sic)? for the former and
Tinj ~ 1/ (kpT.sic) ~ 0.025 ps at RT for the latter.

For a qualitative comparison to the bulk case, we note that for metal/n-Si Schottky
junctions, the Richardson constant is A3, = 112cm 2K 2 [168]. In the Landauer trans-
port formalism for 2d systems, the effective Richardson constant is:

Asy = 2eky,/ (Twimh* v ) (" /kpT,s16) (3.74)

as discussed in the previous section. For @' = .45 eV, corresponding to SLG/n-Si
Schottky junctions and RT, A3, reaches the A%, value for 7, ~ 0.03 ps. This is close to
the lower limits of 7,; estimated in [381].

During the following chapters of this thesis, in the configurations regarding SLG/Si
Schottky junctions, the device performance will be considered as a function of 7.



Chapter 4

Computational tools

In this chapter the computational tools that are used throughout this thesis are presented.
Initially, the methods for extracting the optical response of the studied structures, i.e. trans-
fer matrix method and finite difference time domain, are discussed. Next, the computa-
tional methods for handling rate equations and numerical integrations in the simulation
framework developed in this thesis are briefly highlighted.

4.1 Transfer Matrix Method

Transfer Matrix Method (TMM) [384, 385] is an efficient tool for analyzing the propa-
gation of light through a stratified optical medium, i.e. a multilayer stack with arbitrary
thicknesses and optical constants (fig. 4.1). The main idea of TMM is the correlation of the
electric and magnetic fields at a certain position with their respected values at different po-
sitions, through a 2x2 matrix, called the transfer matrix. The latter is the combination two
different kinds of matrices: the interface matrix, which associates the fields across a mate-
rial interface, and the propagation matrix, which represents the propagation a plane wave
across a homogeneous medium. After the derivation of the transfer matrix, the reflection
and transmission coefficients of a multilayer stack can be evaluated. Moreover, it is pos-
sible to extract the absorptivity of each individual absorptive layer of the stack [386,387].

Nevertheless, TMM has also its drawbacks. To begin with, being a frequency domain
method, it can only be used to extract the response of a given structure for one wavelength
at a time. This, however, can be compensated by the fact that the overall calculation is
very fast. Consequently, one can get the response for a broad spectrum simply by repeating
the calculation for each individual wavelength. Maybe the most strict limitation of TMM
is that it assumes all the layers isotropic and infinite in the plane perpendicular to the
direction of propagation (x-y plane in fig. 4.1). As a result, the layers that are modeled
have to be wide enough to avoid errors due to this assumption. Additionally, TMM is
not able to incorporate geometric features in the x-y plane, at least in the implementation
adopted here, making it essentially a 1D technique. In the following chapters, methods to
overcome this limitation, in graphene-based configurations, will be explored.

4.1.1 Interface matrix

Let us assume the elementary case of an interface between two adjacent materials with
complex refractive indices n; and n;4. In the general case, one may have waves incom-
ing from both directions. A schematic of the relevant plane waves, for the simple case of

57
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Figure 4.1: A multilayer stack consisting of IV slabs, with thicknesses d; and complex
refractive indices n;. An incident plane wave (F;) is assumed, incoming from the semi-
infinite medium with n at an angle 6,. This results to a reflected (F,) and a transmitted
(F:) wave, through the multilayer stack. At each individual j layer, there are plane to be
waves traveling in both +z (]—"f) as well as at the —z directions (F").

normal incidence, is depicted in fig. 4.2 for (a) TE and (b) TM polarization. Naturally,
the outgoing waves at each side of the interface will be a superposition of the reflected
amplitude of one of the incoming waves with the transmitted amplitude of the opposite in-
coming wave. The electric field amplitudes at each side of the interface can be correlated,
by enforcing the boundary conditions for E and H right at the interface [384,385]:

Et a
HYY _reyrMm [ 41
| =Lin - (4.1)
Bt j
FTE/TM . : : iy . .
where I, 17 is the interface matrix for the transition of the material j to the adjacent

slab j+ 1. This matrix depends on wave polarization. For the TE case, the interface matrix
is:

14 n;cost; 1 n;cost;
ITE _ 1 nj+10039j+1 nj+10039j+1 (4 2)
AR njcost; n;cos; '
1— 977777 B it B
7’Lj+1COS€j+1 nj+10050j+1

where n;, n;1 the complex refractive indices and 0;, 6;.; the propagation angles at the
respected slabs. The transition matrix in the case of TM polarization becomes:

n; cost; n;  cosb,
g _ L i costin mip o cosbig 3)
EARNEED N Y cost; n; cosb); '
njy1  costiyr mjp cosbip

Assuming incidence from a slab with index nq at an angle 6, as for fig. 4.1, it can easily
be derived, using Snell’s law, that the propagation angle at each layer j is given by cost/; =

i () s,
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Figure 4.2: Plane wave transmission through an interface between two adjacent materials
with refractive indices n;, n;41. The general case, with waves traveling in both +z and —z
directions at each side of the interface is assumed. (a) TE and (b) TM wave polarizations
are depicted, for the simple case of normal incidence.

4.1.2 Propagation matrix

Let us now consider the propagation of light through a homogeneous medium with index
n; and thickness d;. Once again, inside this layer we assume a wave traveling in the +z
direction, with amplitude E;r, and one traveling in the —z direction, with amplitude £
After the propagation through this layer, the light accumulates a phase factor ¢; = z -k =
2mn;d;cos; /A, where X the wavelength of the propagating plane wave. The amplitudes
of the respected waves after propagation through a layer with index n; and thickness d;
(Eir dj) are correlated to the ones at its origin (£) through:

E:—‘rdj E;F
) =7 (4.4)
Ez-‘rdj EZ_

where the matrix P; is called propagation matrix and is given by:

@j 0
P; = (60 6%) (4.5)

The propagation matrix does not depend on wave polarization.

4.1.3 Transfer matrix of a multilayer stack

After deriving the matrices to describe the transition across individual slabs as well as the
propagation of light through them, one can derive the total transfer matrix for a multilayer
stack consisting of /V arbitrary layers, such as the one depicted in fig 4.1. Assuming light
incoming from the semi-infinite material with ny having an amplitude F; = 1 and exiting
at the semi-infinite material with n 1, where no light incoming from the N + 1 layer is
considered, the amplitudes of incident (F; = 1), reflected (£)) and transmitted (£};) waves
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are associated through:

Et 1 M11 M12 1
~ M _ (4.6)
0 Er M21 M22 Er

where the total transfer matrix M is the product of the ensemble of transition and propa-
gation matrices that describe the whole multilayer stack:

TE/TM TE/TM TE/TM TE/TM
M :IN,N{H Pn IN—I/,N Il,2 / P1 I0,1 / 4.7)

4.1.4 Reflection and Transmission coefficients

Equation 4.6 can be rewritten as:
Ey = My + M E,

(4.8)
0= My + My FE,
The reflection () and transmission (1") coefficients are defined as:
R=|E,/E (4.9)
and )
T — (—”N“ cos N“) B,/ By (4.10)
ng costy

Using eqn. 4.6, the reflection and transmission coefficients of the whole multilayer stack
as:

My, |*
R=|--2 4.11
e @1
and )
T — NN+ COSQN_H detM (412)
Un) 60890 Mgg

4.1.5 Absorption of lossy layers

Supposing that the multilayer structure under consideration includes lossy layers, the total
absorption of the whole stratified medium is simply:

A=1-R-T (4.13)

If one is interested in the absorption of the j™ layer, this can be acquired by:
Aj=S;1— S (4.14)
where S;_;, S;; are the radiative fluxes of electromagnetic energy through the previous

and next layer correspondingly, in respect to the ;™ layer.

In order to get the radiative flux through an arbitrary layer j, both the forward (]—"j*)
and the backward (") traveling plane waves through this layer must be accounted for,
as for fig. 4.1. The amplitudes of the forward (E;r = A;) and backward (E; = B))

waves at any layer j can be easily derived using the interface and propagation matrices,
as discussed in the previous section. The radiative flux is then given by [386,387]:

Sj _ me{nj 0059]'} (‘Aj|2 . ‘B]‘Q) . 2jm{n] Cosej}jm {A] B;k} (4.15)

ny cost ny cost
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4.2 Finite Difference Time Domain

4.2.1 Outline of the finite difference time domain method

Finite difference time domain (FDTD) is a versatile numerical method for simulating the
optical response of complex structures. FDTD aims for the explicit solution of the time do-
main Maxwell curl equations. At the heart of the method lies the Yee algorithm, established
by K. S. Yee in 1966 [388]. In this context, both space and time are discretised. Space
is divided into box-shaped cells, commonly referred to as Yee cells, which are smaller
than the minimum wavelength of interest and fine enough to accurately describe any ar-
bitrary geometry of the studied configuration. Time is quantized into small timesteps,
corresponding to the time that light needs to travel from one cell to another. Figure 4.3
shows a schematic of a Yee cell, where the electric field components are staggered on the
edges of each cell and the magnetic field components on its faces. In this configuration
every E field component is surrounded by four circulating H field components and vice
versa. With this spatial discretization, the Maxwell’s curl equation are inherently satis-

(i+1,j—1,k+1)

H,
(i+1,j,k’) /
— > —
H,
x by Hy A
' ‘ (4,5 — 1,k +1)
z Ey

Yo k) B, (ak+D)

Figure 4.3: Schematic representation of a box-shaped Yee cell, with the E field compo-
nents placed on the edges and H field components on the faces.

fied, while the space derivatives in these equations can be calculated using second-order
accurate central differences. Moreover, the continuity of E and H fields are inherently
maintained across material interfaces parallel to any of the coordinate axis. Finally, the
placement of the E and H fields in Yee cell and the central difference operations implicitly
enforces both Gauss’s laws of electromagnetism, leading to a divergence-free mesh in the
absence of electric and magnetic charges [389].

Additionally, the Yee formulation centers E and H fields in time (fig. 4.4). Doing
so, it allows for the time derivatives of Maxwell’s curl equations to also be solved using
second-order accurate central differences. H field computations are performed at a certain
timestep, for all the simulated region, using E field data from the preceding timestep.
Afterwards, they are stored in memory and are used for the E field calculation at the next
timestep. This method, commonly referred to as leapfrog time-stepping, is continued until
the simulation converges and the calculation is concluded. The leapfrog time-stepping is
non-dissipative, i.e. numerical waves traveling across the Yee mesh do not decay due to
spurious non physical artifacts, adding to the robustness of the method.

This discretization, however, also has its drawbacks. Numerical dispersion, i.e. the
frequency dependent difference between the phase velocity of a numerically propagated
wave from the physical velocity of a light wave, is an inherent property of the FDTD
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algorithm and can potentially limit its accuracy. A workaround to compensate these errors
is to use a fine mesh for the spatial grid, typically 20 - 30 times smaller than the shortest
wavelength considered in the simulation setup.

Moreover, in order to keep the algorithm stable, a certain relation between spatial
grid size and timestep must be satisfied. An extensively large time step can result to nu-
merical instability, which can cause the computed values of the fields to spuriously in-
crease without limit during the leapfrog time-stepping. To avoid this, for a certain cell
size (Ax, Ay, Az,) the timestep At must satisfy the so-called Courant stability criterion:

1 1/2
Umaz A < (Ax2 + Ay? + AzQ) (4.16)

with u,,,,, the maximum phase velocity within the model.
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Figure 4.4: 1D Yee grid, demonstrating the discretization in space and time, allowing for
the use of central differences for both space and time derivatives.

4.2.2 Advantages and limitations

The main advantages of the FDTD method are a direct consequence of the Yee algorithm:

* Unlike frequency domain methods, FDTD allows one to obtain the response of
a system in a wide frequency range with a single simulation run, since it treats
Maxwell equations in the time domain. This is particularly useful in broadband
applications or in applications where the resonant frequencies are unknown.

* Given that the Courant stability criterion is satisfied, the method is extremely stable.
Moreover, computer round-off errors are suppressed, given the central - difference
approach of the Yee algorithm.

 Since the fields are numerically propagated across the simulation region, with the
curl Maxwell’s equations solved explicitly, the method is free of spurious solutions.
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* FDTD allows for the accurate modeling of dispersive and non-linear media, en-
abling the study of a wide variety of phenomena associated with linear or non-linear
dielectric and magnetic structures. Additionally, FDTD can treat any arbitrary ge-
ometry, given that the grid discretization is fine enough to accurately describe small
geometric features.

* With FDTD one can obtain all of the electromagnetic field components, which is
very useful in plasmonic applications, where all the electromagnetic field compo-
nents are relevant.

The main drawbacks of the FDTD method are:

* The inherent numerical dispersion of the Yee formulation, as discussed above. This
drawback can be compensated by applying a finer mesh grid. This treatment, how-
ever, comes with a larger demand of computational resources.

* Since the method demands an adequately simulation time for the calculation to con-
verge, it demands long computational times for the simulation of high-() structures,
in which the energy dissipates slowly.

» As mentioned above, the approximation of a complex geometry, with geometrical
details much smaller than the wavelength of interest, can be challenging for FDTD.
In this case, a finer mesh can substantially increase the computation time. Never-
theless, these drawbacks can be alleviated using advanced meshing techniques, e.g.
conformal meshing [389,390].

4.2.3 The Yee algorithm

In this section a brief outline regarding the implementation of the FDTD method is pre-
sented. Maxwell’s curl equations are:

V X E = —ugH 4.17)

N

V x H = yencE + 0Pp + > 0P, (4.18)

j=1

where 0, denotes the partial time derivatives. Material dispersion is taken into account
assuming a Drude - Lorentz model for the dielectric function, although additional dis-
persive models (e.g. Debye, Plasma frequency model et.c.) can be incorporated in the
method [389,391]. For the dispersion implementation, FDTD can utilize time-domain
auxiliary differential equations (ADE) for Drude (Pp) and each Lorentz (P;) polarization
terms. The dielectric function, in the context of Drude - Lorentz model, is given by [288]:

o(w) = €~ it Z ;" (4.19)
j=1

where €, is the frequency-independent value of the dielectric function, the second term

is the Drude free electron contribution and the third term contains /N Lorentz oscillators

corresponding to interband transitions. In the Drude term w,, and 1/7p are free electron

plasma frequency and relaxation time respectively. For the Lorentz terms, Ae denotes
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oscillator strength, {2 the transition frequency and I' the decay rate of each oscillator.
Equation 4.19 must be Fourier - transformed in order to acquire the ADEs in the time
domain [389,391]:
7Pp + 1O Pp = wiegE (4.20)
O;7P; +L;0,P; + Q2P; = Ae; iR (4.21)
The key step for a robust implementation in the FDTD method is to express eqns. 4.20
and 4.21 using central differences, i.e.:
F(z+Azx/2) — F (x — Azx/2)
Ax

in order to be time-stepped in sync with Maxwell’s curl equations. With a few algebraic
manipulations, we can write 4.20 using 4.22 [391]:

PTLL)—H = Cl,DPZ) —|— CQ7DP7LL)_1 —|— 037DEn (423)

0, F = 05 {F} = (4.22)

where the superscript n indicates the time nAt at which each quantity is calculated, as-
suming a timestep At. The prefactors ¢; p, co p and c3 p for the Drude term are given

by:

4
‘Lo = At’yD + 2
At’yD —2
Cop = m (424)
QEOAtQ(ﬂg
D= Ny + 2
In the same manner, eqn. 4.21 within the context of 4.22 becomes [391]:
Pt — ¢ [P 4y P 45 L BT (4.25)
where the prefactors c; 1, c2,1, and c3 1, for Lorentz oscillators are given by:
4 — 20203
LT TN 1 2
Atl'; — 2 496
Cop = ———— )
2F A +2 (4.26)
2e0 A2 Ae2)?
3L = —
’ AT +2

For the derivation of Maxwell’s curl equations using the central difference scheme,
let us assume the simple case of 1D Yee grid, as for fig. 4.4, with TE polarized light
propagating across the z direction. Equations 4.17 and 4.18 become:

(V x E)y = —woH, = 0,E, = no,H, (4.27)
N
(V x H), = 6O By + O Pp + > 0P =
=1
’ (4.28)
N

0.H, = €séxO,E, + 0 Pp + > _ O,

J=1
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respectively, where isotropic polarization for both Drude and Lorentz terms is assumed.
Applying the central difference approximation in 4.27, the update equation for the x-
component of the H field is given by:

n+1/2 n-1/2 At n
Halyivge = Halgyage + WAz (Eyliir

— Ey|Z) (4.29)
where the notation F(kAz, nAt) = F|; is used. Using eqn. 4.29 one can compute the
H field component at timestep n + 1/2, given its value in the preceding timestep and the
E field components in its adjacent grid points at timestep n. This procedure is repeated
for the whole simulation region and the H field components values are stored in memory.
Using these values, the E field components are then evaluated, after applying the central
difference scheme in eqn. 4.28:

N
n+1 n 1 n+1 n+1 n
E|+—Ey|k_ <1DD|+ PD| Z +_Pj‘k)
f0fec = (4.30)
At n+1/2 n+1/2
€0€ccAZ <H£|k+1/2 a H$|k*1/2>

where Pp and P; values are calculated using eqns. 4.23- 4.25. The E components from
the above calculation are stored, and will be used for the H field calculation, at the next
timestep, using eqn. 4.29. The Yee algorithm caries on at this leapfrog time-stepping, until
the convergence criteria of the simulation are reached, at which point the computation
stops. The update equations for the TM polarization as well as the ones for the 2D and the
full 3D Yee grid are derived in a similar manner and can be found in any FDTD textbook
[389,392-394].

At the beginning of the simulation all fields are set to zero. Although a variety of dif-
ferent electromagnetic sources are available in FDTD [389,393], in the scope of this thesis
the plane wave source was used. Plane wave sources numerically inject laterally-uniform
electromagnetic energy from one side of the simulation region using a time-domain pulse.
The time dependency of the incident pulse is selected in order to include all the frequencies
of interest.

Upon simulation termination, the values of all the time-domain field components are
known in the whole simulation region. To get the frequency dependent values, the time-
domain results simply have to be Fourier-transformed. After that, any information about
the optical response can be extracted, e.g. the power flow through a cross section .S of the
computational grid can be obtained by integrating the Poynting vector across the surface

S.

4.2.4 Boundary conditions

FDTD algorithm solves for the electromagnetic response of a given structure at a finite
numerical lattice. As a result, special treatment must be taken at the termination of this
lattice. Without any boundary conditions, Yee’s formulation treats the simulation region
as surrounded by a perfect electric conductor, leading to spurious reflections. To avoid
non-physical solutions, the lattice must be truncated at its edges, extending it to infinity
and numerically simulate an unbound volume. This can be achieved by either absorbing
boundary conditions (ABC) or periodic boundary conditions (PBC).



CHAPTER 4. COMPUTATIONAL TOOLS 66

In ABCs an absorbing medium surrounds the simulation region, in the directions that
free space needs to be simulated. This absorbing medium should ideally absorb all electro-
magnetic radiation at every frequency incoming from every angle. Early implementation
of ABCs used a lossy, impedance-matched medium to achieve this goal [389]. However,
their performance was poor for non-normal incident angles. A more effective solution
introduced by Berenger [395]. Berenger’s implementation, called the perfectly matched
layer (PML), was based on splitting the field components in Maxwell’s equations and
showed better performance [395]. This solution proved to be very effective and is the basis
of'the modern PML techniques, used in FDTD as well as in other numerical methods. Nev-
ertheless, despite the fact that PML is reflection-free in continuous space, the discretised
nature of FDTD method, where PML are implemented as a multi-layer medium can result
in spurious reflections. Later studies re-implemented PMLs as a uniaxial medium [396] .
Although this method accomplished better performance than the original implementation
by Berenger [395], they performed poorly in absorbing evanescent modes that had long
time interactions with the PMLs. The above problems with evanescent modes inside the
PML layers were alleviated by introducing the complex frequency shifted PMLs [397].
An efficient implementation, based on stretched - coordinate formulation [398], called
the convolutional PML is one of the most effective ABCs to date. During this thesis,
FDTD simulations were performed using the commercial FDTD solver FDTD Solutions
by Lumerical Inc. [399]. Stretched coordinate PMLs, based on the work by Gedney and
Zhao [400], were used as ABCs in all simulations.

If the studied structure is periodic across an axis, it is more efficient to simulate only
on unit cell and apply periodic boundary conditions (PBS) along the axis of periodicity. In
non-periodic directions, ABCs can be used to truncate the lattice, as described above. Let
us assume a periodic structure in z — y directions. In this case, all scalar field components
F succumb to Floquet-Bloch theorem [401]:

Flex+dy,y+dy,2) = F(x,y,x)expli(k.x + kyy)] (4.31)

with d,, d, the unit cell dimensions and £, &, the incident plane wave’s wavevector com-
ponents. Using eqn. 4.31 in FDTD algorithm demands for complex values of all the field
components, with all the incident plane waves having the same £, and k,. Under oblique
incidence, this means that we are restricted to single frequency simulations. Under normal
incidence considered in this thesis, however, &k, = k, = 0, thus the incident time-domain
pulse can consist of an ensemble of frequencies, enabling efficient broadband FDTD sim-
ulations. In this case, FDTD software simply copy the fields calculated at one side of the
periodic axis and inject them on the opposite one.

4.2.5 Implementing Graphene in FDTD

Modeling SLG using the FDTD method can be challenging, given the 2D nature of the for-
mer. In conventional FDTD algorithms, materials are inserted in the simulation through
their volumetric permittivity, as described in the previous sections. The dispersion of
graphene optical properties are based on its surface conductivity, described by the Kubo
formula (eq. 3.19). Moreover, given the infinitesimal thickness of SLG, a very fine mesh
is required for its simulation using FDTD. For applications in IR, or even longer wave-
lengths, the simulated devices can have dimensions spanning several pm, resulting to a
huge amount of Yee cells to be computed, which require large computational resources.
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There are two basic approaches in order to overcome these obstacles and efficiently sim-
ulate SLG with FDTD.

The first approach associates graphene’s surface conductivity to an equivalent volu-
metric permittivity. SLG is modeled through this uniaxial anisotropic permittivity, assum-
ing it has a finite thickness. This method, however, assumes SLG thickness equal to the
grid spacing normal to SLG surface. Even though this thickness is larger than graphene’s
actual thickness of ~ 0.335 nm, it should be kept relatively small (in the few nm range)
in order to produce accurate results [402].

The second approach describes SLG as a 2D surface through a charged surface bound-
ary condition applied only to a fraction of Yee cells, e.g. those adjacent to the graphene
layer. This surface boundary condition is of the form of:

n X (1H 2 H) = USLGE (432)

where n is the unit vector normal to SLG surface, 'H and *H the magnetic fields in each
side of SLG surface, og1 the SLG surface conductivity and E the tangent electric field
[403,404]. This is an efficient and elegant approach which alleviates the need for extreme
space and time discretization.

The Lumerical FDTD solver [399], used alongside the simulation framework devel-
oped in this thesis, implements graphene as a 2D conducting surface, following the second
approach. Doing so, efficient simulations are carried out, where the computation is con-
cluded within few minutes using a personal computer, even for a fine grid meshing of 1
nm.

4.3 4™ order Runge-Kutta method

The temporal response of the graphene-based devices studied in this thesis can be obtained
by a set of three coupled rate equations (eqs. 3.48 —3.51). These equations are often used
in conjunction with TMM, where a large number of calculations are needed to a obtain a
broadband result. Moreover, they are included in self-consistent iterations, which often
need to be computed several times until convergence is achieved. It is thus necessary
to treat them using an efficient manner. To do so, the 4" order Runge - Kutta method
[405,406] (4RK) is used throughout this thesis. 4RK is an explicit iterative method, widely
used in temporal discretization. Let us assume the initial value problem:

dy

E = f(tmy)? y(t(J) = Yo (433)

where the function f and the initial values ¢y, 1 are known. Given a timestep At > 0,
the value of y can be approximated by:

At
Yn+1 =Y 6(1 2 3+ ky) (4.34)

bnsr = by + Al
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forn=1, 2, 3... with:

kl = f (tnvyn)
At k
ko = f (tn e Até)
A " (4.35)
t
ks = f (tn + 77% + At;)

ko= [ (tn + Aty + Atks)

That is, the value y,, 11 is given by the preceding value y,, plus the weighted average of
four increments, each one the product of the time interval At and an estimated slope £k,
with added weight to the mid-point slopes. Being a fourth-order method, 4RK has a total
accumulation error in the order of O(At*) [405] and can give good approximate solutions
without the need for extremely small discretization, in contrast to other numerical methods
for ordinary differential equations, e.g. Euler’s method [405].

4.4 Composite Simpson’s rule

SLG properties, e.g. carrier density (eq. 3.13), heat capacity (eq. 3.16), optical conduc-
tivity (eq. 3.19) et.c., are obtained through numerical integrations. These integrations are
included in self-consistent loops, as discussed in the previous section. Consequently, their
calculations, regarding the systems studied in this thesis, needed to be done in a robust
and efficient way. The algorithms developed during this thesis implemented the compos-
ite Simpson’s rule [405] to handle the necessary numerical integrations. In this context,
for an interval [a, b] splitted in n sub-intervals, the integral of a function f(z) is given by:

b Az n/2 n/2—1
/ f(x)dz ~ == | f(a) + A flagon) +2 ) flagy) + f(b) (4.36)
a j=1 j=1

with Az = (b—a)/n and z; = a+ jAxz. Composite Simpson’s rule can handle integrands
that are not smooth in the integration interval, e.g. integrands that are highly oscillatory
in the given interval. Moreover, it does not need a fine discretization of the interval for
the calculation to converge. Since the integrals we are interested in this study are usually
calculated over infinite or semi-infinite intervals, the following change of variables were
used to numerically compute them:

+oo A u 14+ u?
N f(x)dx—/_ f( )< du (4.37)

1 L—u?) (1—u2)?

for the integrals over infinite intervals and:

+OO (m)dx:/01f<a+1fu) (12)2

o= e 15) %

for the integrals over semi-infinite intervals.

(4.38)




Chapter 5

Electro-absorption modulator in a
mobility-independent graphene-loaded
Bragg resonator

Deep and fast electro-optic modulation is critical for high-speed near infrared signal pro-
cessing. We combine the electro-absorption tunability of graphene with the high-Q res-
onance of a Bragg-based Fabry-Perot resonator at A = 1550 nm and show that ~ 100%
free-space signal modulation at small insertion loss and GHz speed can always be achieved
independently of graphene quality (i.e., mobility), provided that the device operates in the
reflection mode and is tuned in critical coupling with graphene. Remarkably, the critical
coupling mechanism produces a higher extinction ratio for lower graphene mobility. We
use practical considerations to optimize the device architecture and operation as a func-
tion of graphene mobility. With a small modification, this scheme can be turned into a
very sensitive acousto-absorption modulator with an extinction ratio of ~ 30 dB/A or an
index sensor with a sensitivity of 107 % RIU. These designs can be extended throughout
the infrared spectrum by appropriate material selection and scaling of layer dimensions.

This chapter is based on:

» S. Doukas, A. Chatzilari, A. Dagkli, A. Papagiannopoulos and E. Lidorikis,
Deep and fast free-space electro-absorption modulation in a mobility-independent
graphene-loaded Bragg resonator, Appl. Phys. Lett. 113, 011102 (2018),
https://doi.org/10.1063/1.5030699
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5.1 Introduction

Optical modulation in SWIR is crucial for a variety of applications, as discussed in chapter
2. Graphene, with its electrically tunable conductivity [53] and fast carrier relaxation
time (~ ps) [183, 184] is posed to make important contributions on this field [25, 45,
112, 117,407]. Graphene based SWIR modulation [217] has been demonstrated in both
waveguide-integrated [253—256] and free space [222, 248-250, 408] configurations. In
the latter case, up to ~ 11 dB modulation depth at ~ GHz modulation frequency (MF) has
been demonstrated [249,250].

Graphene absorption is highly tunable within the VIS - SWIR range via electrostatic
gating, being ~ 2.3 % [42] when air suspended and 2.3 /n % when embedded in a dielectric
of index n [285], given that iw > Ergig, 1.e. with allowed interband transitions, where
Fermi level Er g1 1s determined by the electrostatic doping. At /iw < Ergi g graphene’s
absorption is significantly reduced due to Pauli blocking, as discussed in detail in chapter 3.
Transitioning across the Pauli blocking point is relatively sharp for high quality graphene
(i.e. high carrier mobility and long free carrier relaxation time 7,,) but smooths up as
Topt gets shorter. In any case, however, because of the overall weak graphene absorption
(< 2.3%), it is imperative that graphene light interaction is enhanced by the use of a
resonator structure, such as an optical cavity [222,249,408] and/or plasmonics [59-63].

Numerical simulations predict that free-space modulators consisting of graphene inte-
grated with a Bragg-type resonator can reach MDs ~ 100 %, with low insertion loss (IL)
and ~ GHz MFs [229,409], promising great opportunities in free-space SWIR (or MWIR
- THz [409]) modulation. In these studies, however, a particular hypothesis for graphene
quality (i.e. carrier mobility and free carrier relaxation time 7) is adopted and the device
architecture is optimized accordingly. Besides being problematic for devices operating in
transmission mode (as we will show), since low graphene mobility will drastically reduce
MD and increase IL, graphene quality consistency issues without a systematic understand-
ing and design strategy around them can potentially turn into show-stoppers. In this study,
it is shown that a graphene-loaded Bragg resonator device operating in reflection mode
can always be dynamically tuned into critical coupling [410,411] (i.e. total absorption)
irrespective of graphene quality, ensuring systematically large MD (~ 100 %, >30 dB
extinction ratio), low IL (< 1 dB), and high MF (> 1 GHz). Practical considerations are
assumed to optimize the device architecture and operation as a function of graphene mo-
bility. Moreover, with a small modification, the scheme designed in this chapter can be
turned into a very sensitive acousto-absorption modulator with an extinction ratio of ~ 30
dB/A or an index sensor with a sensitivity up to 107 % RIU. All the consideration and de-
signs studied in this chapter for A = 1550 nm can also be extended throughout the IR
spectrum by appropriately choosing the materials involved and scaling their dimensions.

5.2 Device layout

The studied device consists of an asymmetrical Bragg cavity, shown in fig. 5.1(a), com-
prised of 3 periods of a Si/SiOs bilayer in either side with an Au mirror on the back. The
layer thicknesses are ds; = 113.3 nm and ds;o, = 265.4 nm corresponding to quarter-wave
layers at A = 1550 nm for refractive indices ng; = 3.42 and ng;o, = 1.46 respectively.
The central cavity consists of a SiOy double layer with a single layer graphene (SLG) in
between. Graphene’s permittivity is modeled via the Kubo formula (eq. 3.27) at room
temperature using 7o, = 200 fs and assuming that it can be electrostatically doped by in-
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terrogating the bottom doped Si layer (assuming all other Si layers intrinsic), as depicted
in fig. 5.1(a). The dielectric strength of SiO; ~ 107 V/cm [412] and the layer thickness
dsio, = 265.4 nm restrict gating to an upper limit of V™ = 265.4 V. Assuming zero
internal graphene doping at zero gating, graphene’s Fermi level is given by:

i0, TV,
Ersig = hvpsic Cotsioe 7y (5.1)
\/ edsio,

where vpgig = 10° m/S is the Fermi velocity of electrons in graphene and €0, = 3.9
[412] the gate dielectric constant. This enforces an upper limit on Fermi level ERS) g =
0.54 eV. Note, however, that this is a limiting case; E§; g can be much higher considering
that graphene usually has an initial doping [413—415] and/or that one can use a high-k
dielectric, e.g., HfO, with eggo, = 25 [416]. Furthermore, a single highly doped (Vysi =
10%° cm~?) n-Si gate layer is considered, with its absorption taken into account through a
Drude model for its dielectric function [417,418]:

w2
€si = NZ; {1 — —pl} (5.2)

where fiw, = hng'\/Nysie2/egm* = 0.21 eV, m* = 0.26 m,, 7s; = m*ugi/e = 200
fs and pus; = 1350 cm?V~'s~! [20]. As an estimate this corresponds to an absorption
coefficient o = 4wk /N =242 cm™!, where k = Jm {\/e_gl }, with single pass absorption

1 —exp(—ads;) = 0.05 %. This is much smaller than graphene’s single pass absorption of
2.3/nsi0, = 1.5 % and considering that the Si layer is not inside the central cavity, it can
be assessed that its effect is going to be relatively small. For completeness, however, all
calculations are with Si absorption taken into account. Finally, the Au mirror at the bottom
ensures that there is no transmitted wave. It should be noted that the approach adopted
here is valid for any alternative choice of materials comprising the Bragg stacks.

The system reflection under normal incidence is calculated by employing the Fresnel
equations with the transfer matrix method (section 4.1) and plotted in fig. 5.1(b) for two
different SLG doping levels. There exists a critical doping level Ef g g for which the
reflection at A = 1550 nm is practically zero. It should be noted that in the absence of
transmission, this means perfect absorption, a condition also called critical coupling [410,
411,419-421] (see also Appendix A). At any other doping level, the reflection becomes
finite and generally close to 1, yielding a MD of ~ 100%. The studied device is essentially
a single port system, given the negligible transmission imposed by the backmirror. In this
case, there is always a perfect absorption (critical coupling) condition as can be seen by
inspection of the general single-port coupled-mode formulation for absorption [422] (see
also eq. A.3 in Appendix A):

47q
A = YaVd

o= + (et 70 )

where wy is the cavity resonance frequency, v, the total absorption rate of the system,
and v, the decay rate of the cavity. In our case, absorption is provided by the graphene
layer, the Au mirror in the back and the n-Si gate below graphene. At resonance (w =
wp), we achieve critical coupling when the absorption rate matches the cavity decay rate
(72 = 7a4)- So, for any given cavity, there is always a critical absorptivity of its elements
which will promote perfect absorption. It is interesting to note that deviating in any way
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Figure 5.1: Schematic of the proposed device with three Si/SiO, periods on either side
of the cavity. (b) Reflectance of the device in (a) for graphene electrostatic doping 0.429
(red) and 0.54 eV (black).

from this condition reduces the overall absorption. That is, we have the (maybe) counter-
intuitive result that for a cavity with a small decay rate (i.e., high quality factor Q), we
may need to reduce the absorptivity of the cavity elements in order to increase the overall
absorption. Graphene is a particularly promising material towards this direction as its
internal absorptivity can be easily controlled and fine-tuned by electrostatic gating.

Tunability of the studied configuration towards critical coupling is explored in figs.
5.2(a) and 5.2(b), where the total and constituent absorption as a function of graphene
doping are plotted. We distinguish two cases, where the Au mirror is in direct contact with
a Si layer [fig. 5.2(a)] or with a SiO layer [fig. 5.2(b)], as shown by schematics in the
inset. It should be noted that because the resonant wavelength shifts as we dope graphene,
and to facilitate our discussion on critical coupling, for each different doping level, the
wavelength range is scanned and the point of maximum total absorption is plotted. We
find that the simple change in Au mirror contact (Si or SiO5) imposes dramatic changes
between the two absorption graphs. Specifically, in the case of direct contact with Si, the
Au mirror exhibits higher absorption compared to the other case. Simply, at A = 1550
nm, the Au refractive index is na, = 0.51 +10.7i [423], and its single-pass absorption
under normal incidence is Ax, = 1 — R, where the semi-infinite reflectance is R, =
[T diel — nAu]2 / Ingiel + nAu|2. Thus, the absorptivity in the Si/Au interface is 5.4%, about
2.2 times larger compared to 2.5% of the SiO,/Au interface. Consequently, the required
SLG absorptivity for critical coupling should be about 2.2 times lower in the Si-terminated
case, as is indeed shown in figs. 5.2(a) and 5.2(b). The lower Au absorptivity in SiOs/Au
implies larger room for tunability by graphene. Also, working in the reflection mode,
the largest contrast is obtained in the SiO5/Au case between critically coupled graphene
and highly doped graphene. Thus, the optimal configuration is with the smallest index
dielectric (i.e., SiO5) in contact with the Au mirror.
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Figure 5.2: The absorption in each constituent as a function of graphene doping for a
device having the Au mirror in contact with (a) Si and (b) SiO,. The red dashed line
marked as SLG* is the normalized absorptivity of suspended graphene.

5.3 Effect of graphene quality

For evaluating device performance we use MD and IL (either in percentage or in dB units),
as they were defined in section 2.2.1. The maximum reflectance (R.x) is obtained at the
highest graphene doping (i.e., at Ers g = 0.54 V) and the minimum reflectance (Ryin)
at critical coupling. The latter varies depending on the structure and graphene quality. In
fig. 5.3(a), we plot the modulation depth as a function of detuning 0 Er = Epgsic — E%,SLG
from the critical coupling condition, i.e., the detuning of R,,;,. Extremely large values can
be obtained, provided that we can tune the graphene Fermi level with enough accuracy.
Given the natural limitations to this, we explore the more realistic condition of having a
tolerance in the applied gate voltage. In particular, the Frg g = 0.429 eV doping needed
for critical coupling [see fig. 5.2(b)] results from an applied voltage V" = 166 V, according
to eq. 5.1. A tolerance of DErg g = 1 meV [dotted lines in fig. 5.3(a)] corresponds to
DV,=0.8V, ora variation of ~ 0.5%, while a DEr s g = 10 meV tolerance [full width of
fig, fig. 5.3(a)] corresponds to DV}, of ~ 5%. The minimum reflectance is then calculated
as:

(Rmin) = (DEF,SLG)_I/R(E)CZE (5.4)

where the integration is performed within DFErg g around the Ef g g value. For high
quality graphene with 7, = 200 fs, the modulation depth is (MD) = 6.5 x 10* and 6.7
x 102 for 0.5% and 5% gating tolerances respectively.

The calculation is repeated for smaller relaxation times 7, (corresponding to lower
graphene mobilities according to eq. 3.23). For example, fig. 5.3(a) also plots MD for
Topt = 10 fs (i.e. pigs06 = 210 em*V~'s™1) found at critical doping B = 0475 eV
(for comparison, for 7., = 200 fs and E},SLG = 0.429 eV the carrier mobility is p, 516 =
4660 cm?V~'s~1). While the peak value remains the same, there is a wider response curve
for lower 7.y, resulting in a larger averaged modulation depth (MD). This is actually a
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quite consistent trend, as shown in fig. 5.3(b) where (MD) is plotted as a function of
Topt TOr both 0.5% and 5% tolerances. An almost three-fold increase in the modulation
depth is observed when lower quality graphene is assumed. This is a remarkable result
that significantly loosens graphene quality and fabrication requirements. To understand its
origins, in fig. 5.4(a) the Fermi level of graphene required to achieve critical coupling as a
function of 7,y is plotted. It should be noted that higher doping is required for lower 7.
In fig. 5.4(b) the absorptivity of graphene at A = 1550 nm suspended in SiO; is plotted, as
a function of Fermi level. This is given by As g = 2mdsig€2/nsio, A, Where dsi g = 0.335
nm is the effective graphene thickness and €, (w, Frs ) the imaginary part of graphene
dielectric function (eq. 3.27). In order to keep the graphene absorptivity constant as we
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Figure 5.3: (a) Modulation depth MD for the device shown in fig. 5.1(a) as a function of
detuning 6 Er = Epsic — Bt from Ryip.(b) (MD) as a function of electron relaxation
time assuming two values of tolerance on electrostatic doping.

reduce 7., we indeed need to increase the doping. What determines then the magnitude of
(MD) is the derivative of absorptivity with doping, i.e., 0As.g/0EFsLg, wWhich is plotted
in fig. 5.4(c). The two vertical lines mark 7., = 200 fs and 7., = 10 fs critical absorptivity,
showing about a threefold decrease in the slope for the latter case. However, the above
result is not generic but rather specific to the requirements of the studied device. As seen
in fig. 5.4(c), there are doping levels where 0 Agi /O Frsig is smaller for the high quality
graphene. If critical coupling had occurred at these doping levels (e.g. had we started with
another device layout), then the high quality graphene would appear as the champion.
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Figure 5.4: (a) Critical Fermi level EF g, ; for achieving critical coupling. (b) Graphene
absorptivity for 7o, = 200 fs (solid red) and 7., = 10 fs (dashed blue). (c) Absorption
derivative in respect to Fermi level for the two relaxation times above.

5.4 Effect of device layout

To explore the effect of device layout, the number of Bragg periods is varied. In fig. 5.5,
three different configurations with 2, 3, and 4 periods of Si/SiO, bilayers are evaluated,
marked as R2, R3, and R4. In the R2 configuration, because of the much higher v4, high
internal absorptivity was needed and thus the Si/Au configuration [as in fig. 5.2(a)] was
used. In the R4 configuration, it is Efq g > EEf g for Top < 50 fs, so the analysis was
limited for 7o, > 50 fs. This is expected since a low absorption rate v, is needed to match
the low decay rate -, of the R4 configuration. This, however, requires large doping levels
Ef 16 > EESig for low 7o, values, as is evident from fig. 5.4(b).

For comparison, the results for a similar modulator (a symmetric one without the Au
back mirror) operating in the transmission mode (with 4, 5, and 6 Bragg periods, marked
T4, TS5, and T6) are shown as well in fig. 5.5. In this case, (MD) deteriorates quickly
with reduced graphene mobility. This behavior is expected since such a device requires
graphene to be fully transparent in the on state for maximum response. This is in contrast
to the proposed modulator in the reflection mode, which shows enhanced performance for
lower quality graphene. It should be noted that in fig. 5.5(a) the calculation was performed
assuming a 0.5% tolerance in gate voltage and the curves should be lowered by ~ 20 dB
for 5% tolerance.

Adding Si1/Si0, bilayers on both sides improves the modulation depth in the trans-
mission mode because of a lower T}, in the off state. This, however, carries a major
drawback as it also leads to an increase in the device’s insertion loss as seen in fig. 5.5(b).
In the reflection mode, in contrast, adding Si/SiOs, bilayers only slightly reduces the mod-
ulation depth [because of a narrower R,,, see fig. 5.3(a)] and also significantly decreases
the insertion loss. A 3-Si/Si0, bilayer system in the reflection mode overall outperforms
all the other examined devices in all the desired figure of merits, even with a 5% tolerance
in gate voltage and, most importantly, without any restrictions on graphene quality.
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Figure 5.5: (a) (MD) and (b) IL for 3 reflective devices consisting of 2, 3, and 4 Bragg
periods on each side (R2, R3, and R4) and 3 transmitting devices consisting of 4, 5,
and 6 Bragg periods on each side (T4, T5, and T6). (c) (MD) and (d) IL vs volt-
age swing (AV, =V, — V) for the R3 and R4 devices. A swing-dependent tolerance
DV, = AV,/10 was used for (MD). Vertical gray bars at AV, ~ 0 denote the region
where even the calculation becomes impractical due to the excessive IL.

5.5 Modulation frequency

The modulation frequency of the studied device may be limited by the photon lifetime
inside the optical cavity and the resistance-capacitance (RC) time constant of the electro-
static gating circuit. The optics limited frequency is given by [229]:

c
2L ngio, @

where ¢/nsjo, is the speed of light in the dielectric, 2L = 1060 nm is the roundtrip length
of the cavity (the middle 2 SiO, layer in our case), and () the cavity quality factor defined
as () = wo/Aw, where wy is the cavity mode resonant frequency the Aw the full-width-at-
half-maximum (FWHM) of the resonance. For the case of 3 bilayers, we find () ~ 325 and
fopt ~ 600 GHz. The electronics-limited operating frequency is however much smaller,
defined by [153]:

Jopt = (5.5)

1

fel - 2T RelC

(5.6)
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where R, is the system’s Ohmic resistance and C' = €jesio, A/dsio, its capacitance. For
a A = 50 x 50um? square area (covering a typical optical beam size), the capacitance is
estimated C' = 0.33 pF. SLG resistance can be approximated using Rsi.g = 7 SLGE/Lq.SLG>
with the carrier density n. s given by eq. 3.8 for a given Er g1 and the mobility 1, s1.6
by eq. 3.23 for a given Epsig — Topt pair. These yield Rgrg ~ 0.1 k2 and Rgig ~ 1.8
k€ for the 7,y = 200 fs and 7o, = 10 f5 cases respectively. The n-Si contribution is
RSi = (dSiNdSieuSZ-)_l ~40 < RSLG- Thus, it is safe to assume Rel = RSLGa which
resultsin f. ~ 5 GHzand f ~ 0.3 GHzrespectively. Apparently, higher quality graphene
and/or smaller device footprint can lead to even higher MF.

Cycling through large potentials (e.g., between 166 V and 265 V) at GHz frequencies
is of course impractical. To better reflect a realistic proposal, a variable tolerance DV, =
AV, /10 is adopted and figs. 5.5(c) and 5.5(d) plot the performance as a function of a
voltage swing AV, =V, — V7, where V}, is the potential used to drive the system away
from critical coupling (V;; can be either lower or higher than V7). For the R3 device,
both the 7, = 200 fs and 7., = f5 cases are shown, while for the R4 device, we show
the 7o = 200 fs and 7, = 50 fs cases (note that for the latter case, EfSic = 0.54
eV limit is reached for AV, = 10 V). Excellent performance is obtained regarding the
modulation depth in both cases, even for the smallest voltage swings, but at the expense
of high insertion losses. However, at slightly larger voltage swings, the insertion loss
becomes small for the R4 device. Overall, high MD (> 30 dB) at low IL (< 1 dB) at GHz
MF is possible with voltage swings below 30 V.

5.6 Acousto-optic modulation - refractive index sensing

We have shown that the smallest deviation from critical coupling has a major consequence
in the device reflection. This fact can be exploited to design a sensitive acousto-optic
modulator. We separate the Au mirror from the rest of the device by a distance x, creating
a secondary cavity as seen in the inset of fig. 5.6(a). For every distance =, we tune the
graphene Fermi level into its corresponding critical coupling value EF g  and plot in fig.
5.6(a) the total absorption as a function of mirror separation x and wavelength. A strong
anti-crossing behavior is found at around x ~ 700 nm due to interference between the
SiO, cavity and the mirror cavity, making up for an extremely sensitive response. We
pick xg = 735 nm, where perfect absorption is observed for A =1550 nm and plot in fig.
5.6(b) (MD) (assuming DV, = 0.5%; gating is fixed in this case and thus easily tuned
to high accuracy) as a function of mirror deflection dx = x — z(. Strong reflections for
increasing dz make up for very high (MD) values. For example, a tiny dz = 1 A results
in a massive increase in reflectance R = 10% (Ry) corresponding to a sensitivity of ~ 30
dB/A, with the drawback, however, of small overall reflection and large IL.

By the same token, a small change in the refractive index inside the mirror cavity will
also produce a measurable change in reflectance. Since the optical length is nz, dn/n =
dx/z will produce the same 0 R/ R. Using the numbers of fig. 5.6(b), we estimate an index
sensitivity of the order of 10” % RIU. It should be noted that these high sensitivities are
independent of graphene mobility, as seen in fig. 5.6(b), because the only requirement is
to find the appropriate L g,  to tune into critical coupling.
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Figure 5.6: (a) Overall absorption vs mirror separation = and wavelength. The inset sche-
matic shows the device configuration. The color scale is from 0 to 1. (b) (MD) as a
function of detuning from critical separation z.

5.7 Conclusions

In conclusion, it is shown that critical coupling is a versatile tool in achieving deep and fast
optical modulation. A graphene-loaded Bragg resonator device operating in the reflection
mode can always be tuned into critical coupling irrespective of graphene quality. The key
to this is our ability to fine tune the graphene electrostatic doping in order to match the
cavity decay and absorption rates, without having to alter the device architecture. This
scheme consistently yields a large modulation depth (~ 100 %) at small insertion loss and
GHz modulation frequencies even when graphene electron relaxation time falls to 10 fs.
This mechanism can in addition be extended to include other operation formats, such as a
sensitive acousto-absorption modulator (~ 30 dB/A) or a sensitive index sensor (~ 107 %
RIU). All considerations and designs studied here for A = 1550 nm can also be extended
throughout the IR spectrum by appropriately choosing the materials and scaling their di-
mensions: device area A ~ \? and gate oxide thickness d,, ~ )\, and so, capacitance
C' ~ X; graphene critical doping Ef,g ¢ ~ A" and thus nesig ~ A7 and pgs.6 ~ A
resulting to Rgi g ~ A; n-Si thickness dg; ~ A and resistivity Rg; ~ A\"'N, o Sli and so, to
keep a constant ratio with Rsy g one can use N, s; ~ A~2. Overall, the above yield a scal-
ing law MF~ \~2. MD and IL only depend on achieving critical coupling, and so, they
weakly depend on the operating wavelength as long as we avoid IR-absorbing dielectrics
(e.g., Si05 for A > 7 um due to its optical phonon modes). Au mirror absorption decreases
with \, while free carrier absorption in n-Si scales approximately as dg;Jm {eg;} /A, i.e.,
as dsiw, /WX ~ NgsiA®, and by using the Nysi ~ A~* noted above, one finds that free
carrier absorption in n-Si scales as ~ A, which as shown earlier will remain small within
the IR spectrum. So, all these material absorption variations will not alter anything more
than the exact gate voltage needed to achieve critical coupling, showcasing the versatility
of this mechanism. Regarding the gate voltage, it shown in this chapter that the swing
from the critical value can be small, in the order ~ 30V, to reliably achieve high MF. Both
the absolute value and the variation from the critical voltage can be much lower than the
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values extracted here (V7 = 166 V) if ionic gating [55,56,259,260] is used instead of the
popular dielectric/Si configuration. This would reduce power consumption and potentially

could lead to even higher MF.



Chapter 6

Thermionic graphene/silicon Schottky
infrared photodetectors

Optical communications, imaging, and biomedicine require efficient detection of infrared
radiation. Growing demand pushes for the integration of such detectors on chips. It is
a challenge for conventional semiconductor devices to meet these specs due to spectral
limitations arising from their finite band gap, as well as material incompatibilities. Sin-
gle layer graphene (SLQG) is compatible with complementary metal-oxide-semiconductor
(CMOS) Si technology, while its broadband (UV to THz) absorption makes the SLG/Si
junction a promising platform for photodetection. Here we model the thermionic opera-
tion of SLG/Si Schottky photodetectors, considering SLG’s absorption, heat capacity, and
carrier cooling dependence on temperature and carrier density. We self-consistently solve
coupled rate equations involving electronic and lattice temperatures, and nonequilibrium
carrier density under light illumination. We use as an example the infrared photon energy
of 0.4 eV, below the threshold for direct photoemission over the Schottky barrier, to study
the photo-thermionic response as a function of voltage bias, input power, pulse width,
electronic injection, and relaxation rates. We find that device and operation parameters
can be optimized to reach responsivities competitive with the state of the art for any light
frequency, unlike conventional semiconductor-based devices. Our results prove that the
SLG/Si junction is a broadband photodetection platform.

This chapter is based on:

» S. Doukas, P. Mensz, N. Myoung, A. C. Ferrari, I. Goykhman and E. Lidorikis,
Thermionic graphene/silicon Schottky infrared photodetectors, Phys. Rev. B 105,
115417 (2022),
https://doi.org/10.1103/PhysRevB.105.115417
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6.1 Introduction

Light detection in the MWIR spectral regime is key to a number of applications, as dis-
cussed in chapter 2. Current SOTA semiconductor technology, however, does not include
a platform being all together high performance, broadband and CMOS compatible (see
section 2.1.3). A simple, yet promising, broadband CMOS-compatible approach is the
SLG/Si Schottky junction [44, 125, 126, 168]. SLG/semiconductor (SLG/SC) Schottky
diodes [25, 43,44, 168,372,375, 382,424, 425] with rectifying electrical characteristics
have been explored for PDs using free-space [65,70,71,153,169—-176,178-182,426] and
guided-mode configurations [74,123,125,427].

A SLG/SC Schottky PD has three modes of operation for photocurrent generation:

s photovoltaic (PV) [169-176,178,426], where photons with energy fw > E, g (SC
bandgap) are absorbed by the SC creating electron-hole (e-h) pairs, which then split
under the internal field in the depletion region.

s internal photoemission (IPE) [153, 179-182], in which sub-bandgap iw < E g;
photons are absorbed in SLG to yield photoexcited carriers with sufficient energy
to overcome the Schottky barrier at the SLG/SC interface and emit into the SC.

* photo-thermionic (PTh) [65,70, 71,381, 428], where low-energy photons (below
both SC bandgap and Schottky barrier) absorbed in SLG yield photoexcited carriers,
without sufficient energy to overcome the Schottky barrier directly. Instead, they
multiply [183,329,429] and thermalize due to e-e scattering [183, 184,430—432]
resulting in an increased SLG electronic temperature, T, 51 g [64,183,184,323,324].
These thermalized hot carriers in SLG are long-lived due to their slow cooling (~
few ps) through phonon modes [64,65,184,261,323,327,352,433,434] raising the
prospects for achieving high enough 7. ¢;  to gain thermal energy for thermionic
emission [64,65,71] (photocurrent) over the Schottky barrier.

In contrast to the first two regimes (PV, IPE) where the spectral response of SLG/SC
Schottky PDs is limited by F, s; and Schottky barrier height (SBH, ®p) [153, 169-176,
178-182,426], PTh enables low energy (Aiw < 2®p) multispectral photodetection [65,
71,381] owning to SLG broadband absorption [42,57]. The lower density of states in
SLG [53] compared to bulk metals, leads to SLG Fermi level (Ers1) shifts upon doping
[270], enabling the control of the SBH beyond the “’classical” Schottky effect [20,371]
of barrier lowering [20, 168], by application of an external electric field via gating [435]
and/or a reverse voltage bias [369,373,436]. This electrical tuning of SBH provides an
extra degree of freedom for optimizing the PTh response in SLG/SC PDs, and also allows
to reach ~ 100 % optical absorption in SLG when the device is integrated into an optical
cavity [410,421,437,438], by adjusting SLG’s absorption (i.e. optical loss) towards the
critical coupling [410,411,421] condition (loss rate equal to cavity decay rate, as discussed
in the previous chapter and appendix A). Thus, SLG/SC Schottky PDs are a promising
material platform for photodetection across multiple MWIR spectral bands.

Ref. [65] reported SLG/SC Schottky PDs in the PTh regime. In SLG/WSeo/SLG
Schottky PDs (with WSe, thicknesses from ~ 2 to 40nm), the transition between PV and
PTh was demonstrated, with a strong reduction in generated photocurrent, as well as a su-
perlinear dependence on input power, the latter being a manifestation of thermal activation
of carriers over the SBH. While it is common that the photocurrent is strongly reduced in
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the PTh regime (compared to IPE or PV) [65,171,178,439], it is not clear if this reduction
is due to fundamental PTh limitations, or to improper device architecture and operation
conditions. A theoretical understanding of photocurrent in the SLG/SC Schottky PTh do-
main is thus needed if one is to explore and optimize the PD operation parameters and
performance.

Here, a self-consistent framework is developed to investigate the performance metrics,
such as responsivity and detectivity, of SLG/Si Schottky PDs under IR illumination in the
PTh regime and optimize them by exploring different device architectures (cavity integra-
tion) and operation parameters (reverse bias, input power, carrier injection time, etc). PDs
where SLG is integrated inside a dielectric Bragg cavity are considered and it is shown
that, by tuning the cavity to the critical coupling condition, almost total light absorption
in SLG can be achieved, even for SLG nanoribbons of reduced surface coverage. This
corresponds to SLG absorption density > 100 %, i.e., absorption cross-section larger than
the geometrical cross-section, resulting in a higher 7 51 compared to that for full SLG
coverage at 100 % absorption.

The coupled rate equations of T, 51 (eq. 3.48), lattice temperature 7; 516 (eq. 3.49),
and non-equilibrium carrier density d,, si.g (eq. 3.51) are self-consistently solved, to ob-
tain, using the Landauer formalism, the PD PTh response (eq. 3.65) as a function of
input optical power, optical pulse duration, applied bias and charge injection/relaxation
rates, taking into account the phonon-mediated (eq. 3.42), disorder-assisted (eq. 3.44)
and thermionic-injection (eq. 3.66) cooling processes. Realistic considerations are im-
plemented about all device aspects, such as mobility, input power density, reverse bias
and doping. It is shown that, under appropriate combinations of the above, the PD ex-
ternal responsivity and specific detectivity can in principle reach ~ 1A/W and ~ 107
cm Hz%® W1, comparable with graphene-based state-of-the-art performances reported in
MWIR [43,44]. When combined with the SLG broadband absorption and fast electron
dynamics, our results imply similarly sensitive and fast photodetection in other spectral
bands, e.g., LWIR (8 - 15 um) and FIR (> 15 um). The methods and conclusions derived
in this study are applicable to any PTh SLG/SC Schottky PD configuration, providing a
comprehensive framework for the SLG/SC Schottky junction as a photodetection plat-
form throughout the IR. Our approach can be implemented in commercial simulators to
create key software modules for designing graphene-based free-space photonic devices
and integrated circuits.

6.2 Background and implementation

6.2.1 Graphene-Silicon Schottky junction

The methods described in section 3.5 are used to model the SLG/Si Schottky junction.
Graphene is assumed in contact with a n-doped Si substrate, the latter having a dopant
concentration Nyg; = 10'® cm™2, unless stated otherwise. SLG and Si workfunctions and
electron affinities are assumed as for section 3.5 (see fig. 3.17). Si electronic tempera-
ture is set at 7, g; = 300 K throughout this chapter, given the large heat capacity of the
latter compared to graphene [20]. Equations 3.56 - 3.61 are used to determine graphene’s
Fermi level and chemical potential, built-in voltage in Si depletion region and Schottky
barrier height (SBH) at zero (® () or reverse bias (Pp), after SLG/Si contact, using the
self-consistent algorithm depicted in fig. 3.19. Figure 6.1(a) plots the calculated SLG
chemical potential at RT after junction formation, assuming different values for graphene
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Fermi level prior to the contact (E};,SLG), as a function of the applied reverse bias V. For
the configuration studied in this chapter, reverse bias breakdown is expected at ~ 51V,
according to eq. 3.63, so Vi values up to 25 V are assumed to be safely applied. The
calculated SBH values are plotted in fig. 6.1(b), as a function of reverse bias, for the same
initial Fermi level values considered in fig. 6.1(a). These results are well within SBH val-
ues reported in the literature [168,439]. The developed algorithm can inherently handle
Er g1 transitioning from p to n doping upon reverse bias application. This algorithm (fig.
3.19) is used throughout this chapter to extract F'r g1, tsig and SBH during illumination
and photodetection operation of the studied devices. Finally, it should be noted that even
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Figure 6.1: (a) Chemical potential ps g and (b) Schottky barrier ® 5 as a function of re-
verse bias V and initial (i.e., before contact) SLG Fermi level E;W,SLG .

though the results of fig. 6.1 are acquired in thermodynamic equilibrium, in the rest of
the chapter temperature induced and photoexcited carriers’ contributions are taken into
account in the self-consistent solution depicted in fig. 3.19 to extract SBH. This is done
by replacing ps g in egs. 3.56 - 3.61 with p.si6 (Ersia; Te.sigs OnsLG), since here we
consider SLG contacted with n-doped Si (e.g. 1, st should instead be used if p-doped Si
was assumed).
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6.2.2 Carrier dynamics upon illumination in SLG/Si Schottky junc-
tions

We assume photon energies in the thermionic regime iw /2 < @GP, where PGP = yg16—
Xsi = 0.45 eV is the SBH with reference to the charge neutrality point (CNP), but with
allowed interband transitions in SLG, i.e. fiw/2 > Epsig. These cases involve photon
energies below the Si bandgap (iw < 1.1eV [20]), so that absorption occurs only in
SLG. Figure 6.2 presents the calculated charge density distributions (eq. 3.13) for SLG
following IR absorption at iw = 0.4 eV. To demonstrate this concept, we assume, without
loss of generality, Ersig = 0.15eV (a wider range of Ergi g will be discussed later).
The interband transitions create hot e-h at energies +/w /2 with respect to the CNP [fig.
6.2(c)]. Since fiw/2 < ®GNP these non-equilibrium carriers do not have enough energy
to overcome the Schottky barrier. Thus, within a time scale 7._. they relax, due to e-
e collisions [65, 183,184,261, 323], into an equilibrium e bath at some elevated 7. g1
(fig. 6.2(d), assuming 7, ;¢ = 900K at equilibrium, consistent with values found in
our simulations). As a result, the tail of the Fermi-Dirac distribution extending above the
SBH gets enlarged, enabling thermionic emission. In pulsed optical operation, the e bath
eventually cools down to RT by electron-phonon (e-ph) scattering within a picosecond
(ps) time-scale 7._,;, [183,184,352,433,434] [fig. 6.2(c)].
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Figure 6.2: (a) Schematic of energy levels in SLG/Si Schottky junctions. (b) SLG carrier
distribution assuming iw = 0.4 eV, Epgig = 0.15 eV at T, g1 = 300 K, (c) just after
pulse absorption, with red peaks denoting nonequilibrium carriers, (d) after photoexcited
carriers relax into a hot Fermi-Dirac distribution at 7; g1 g = 900 K, (e) after cooling back
to RT.

To describe 7., s; g dynamics, a two-temperature model is used, as described in section
3.4.4. Temporal evolution of T; g1 is acquired using eq. 3.48, with the addition of Jy,
(eq. 3.66) in its right-hand side, accounting for the thermionic thermal current in SLG/Si
Schottky junctions studied here. The SLG lattice temperature is given by eq. 3.49, while
Csig_si ~ 20 MW m~2 K~ ! is assumed for the transfer rare of thermal current from SLG
to Si, the latter considered to have a constant RT. Finally, non-equilibrium photoexcited
carriers are taken into account via eq. 3.51, assuming a e-¢ relaxation time 7._. = 20
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fs [183, 184]. The three coupled rate equations 3.48, 3.49 and 3.51 are time integrated
using the 4" order Runge-Kutta (4RK) method (section 4.3), self-consistently including
all the relevant temperature dependent parameters to yield SLG carrier dynamics upon
pulsed illumination:

Light absorption in SLG as g = s (He.sLGs fo.sLG, LesLg) is calculated using the
Transfer Matrix Method (TMM, section 4.1). For this purpose, graphene’s optical
conductivity is calculated using eq. 3.19, to acquire graphene’s dielectric function
(eq. 3.27) and subsequently graphene’s complex refractive index (eq. 3.28), which
is then used as input in TMM. For o, calculation, one needs to determine a value
for the free carrier relaxation time 7o,. For 0.4 eV photon energy the SLG absorp-
tion is dominated by interband transitions because 2 | Epgig| < Aiw. For these, 7oy
contribution is small (since it mainly affects intraband absorption as discussed in
section 3.2.1). For the Er s values considered here, we estimate that the change
in as g when varying 7., between 100 and 300 fs is < 1% at RT. Elevated tem-
peratures will result in ug; g lowering, driving graphene deeper within the interband
dominated regime, where the 7, contribution is even smaller. Thus, for simplicity,
we set a constant value of 7., = 200 fs.

Carrier cooling due to scattering with graphene’s optical phonons (.J,,) is calcu-
lated as discussed in section 3.4.3 using eq. 3.42, accounting for both optical phonon
branches, the one corresponding to the K point of the Brillouin zone and the doubly-
degenerate phonon branch corresponding to the /" point of graphene’s Brillouin
zone.

Disorder-assisted supercollision cooling (J,.) is calculated as discussed in section
3.4.3 using eq. 3.44. For the latter, we assume a mean free path for short-range
scatterers | = 200 nm, unless stated otherwise. This brings J,. roughly at the same
level of J,, for the E'r g1 g values examined in this chapter. Since it is an open debate
whether e-ph scattering is dominated by J,. or J,, [333], a wide range of mean free
path [ values will be examined later in this chapter.

Thermionic thermal current across the Schottky junction (Jy,) is calculated using eq.
3.66, as discussed in section 3.5.2. J;;, is added in the right hand side of eq. 3.48.
However, since it transfers thermal energy to the Si substrate and not in graphene’s
lattice, it is not included in the left hand side of eq. 3.49, which accounts for graphe-
ne lattice’s heating. As we will see in the rest of this chapter, .J;, strongly depends
on carrier injection time 7i,; (section 3.5.3) and, depending on the latter’s value, it
can dominate carrier cooling [64,71], surpassing both .J,, and J,. contributions.

Temperature dependent electronic heat capacity (c. si.) 1S calculated using eq. 3.16.
SLG lattice heat capacity ¢; g1 is calculated using eq. 3.50.

Finally, non-equilibrium photoexcited carrier density ¢, s. is calculated as de-
scribed in section 3.4.4 using eq. 3.51.

Putting all of the above together and solving the 3 coupled rate equations using 4RK
method, we can get the temporal evolution of graphene’s carrier dynamics.

Moreover, if the pulse duration is longer than all the timescales involved (i.e., 7.,
Te—ph and Tiy;), @ quasi-cw solution is possible. This can be done using eq. 3.53 - 3.55 (with
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the addition of J;;, in the right hand side of eq. 3.53 to account for thermionic thermal
current, as discussed above). However, since both hand sides of these equations depend
on each other (e.g., in eq. 3.53 asrg, Jepn as well as Jy, depend on T, g1, while T¢ g1
depends itself from J.,s, Ji, and asig) a self-consistent treatment is needed (fig. 3.16)
for the quasi-cw approach. In what follows, we will see under which circumstances the
quasi-cw solution is valid, yielding the same results with the full 4RK temporal solution.

6.2.3 Critical coupling, geometrical focusing and giant graphene ab-
sorption density

The interband absorption in suspended SLG is 2.3% [42] and it decreases to 0.46% when
SLG is transferred on Si due to the Fresnel reflections at the air-substrate interface [285].
This is a severe limitation for any SLG PD. An improvement is needed so to enforce
the optical power to be fully absorbed in SLG. Integrating a SLG/Si thermionic PD in an
optical cavity can result in ~ 100 % absorption of incident light by SLG [410,411,421,437,
438]. To achieve this, the same strategy as in chapter 5 is followed, integrating the studied
PD in one-port asymmetric Bragg cavities, exploiting the critical coupling mechanism
(Appendix A). For a fixed cavity geometry with predefined (fixed) decay rate 7, critical
coupling can be achieved by tuning Frg; g (thus SLG absorption and, consequently, the
total absorption rate ,) using reverse bias across the junction.

We assume an asymmetric Bragg cavity as depicted in the inset of fig. 6.3(a), consist-
ing of N = 2 periods of Si/SiOs layers on either side, with an Au mirror on the back. SLG
is sandwiched between a SiO, and a n—doped Si layer of double thickness compared to
the Bragg layers. The Bragg layer thicknesses are ds; = 226.6 nm and ds;o, = 530.7 nm
following the quarter-wave rule for the target iw = 0.4 eV, using the refractive indices
nsi = 3.42 [20] and ngjo, = 1.46 [20]. The Au back mirror has a thickness da, = 100 nm
and complex refractive index na, = 1.73 4 19.27 at iw = 0.4 eV [423]. Only the Si layer
beneath SLG is doped, while the other Si layers are assumed to be intrinsic. The doped
Si layer contribution to the optical absorption is also considered using a Drude model (eq.
5.2) for its dielectric function [417,418]. SLG is assumed to be covering an area equal to
the diffraction limit (Sy = A?/m ~ 1077 cm?).

We get the SLG optical absorption under normal incidence by employing the Fresnel
relations using TMM (section 4.1), with SLG permittivity given by eq. 3.27. Figure 6.3(a)
plots the total absorption spectrum, as calculated using the TMM (red curve), assuming
Ersig = 0.15eV, T, 516 =300 K and SLG effective thickness dg g = 0.335 nm.

Further validation of these calculations is established using the FDTD method (sec-
tion 4.2) to get the total absorption of the exact same layout (blue curve in fig. 6.3(a)).
FDTD simulations were performed using the commercial FDTD solver Lumerical [399].
A 2D computational cell was used, assuming semi-infinite extension (i.e., much larger
than the considered wavelengths and all the rest geometrical features) across the y—axis
(transverse direction), periodic boundary conditions along the x—axis and PML absorb-
ing boundary conditions along the z—axis. SLG is inserted in the FDTD simulations as a
surface boundary (see section 4.2.5), with its surface conductivity acquired from eq. 3.19.
The mesh-grid size of the computational cell is set to 1 nm (in both x and 2 axis) and the
whole structure is illuminated by a plane wave under normal incidence. The calculations
yield almost perfect agreement between TMM and FDTD (fig. 6.3(a)), with a difference
< 0.1% regarding the resonant wavelength, possibly arising from the fact that SLG is
inserted in TMM with a finite thickness while in FDTD as an infinitesimally thin surface
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Figure 6.3: Absorption spectra of the SLG/Si PD integrated in asymmetric Bragg cavities,
consisting of (a) 2 and (b) Bragg bilayers. TMM (red) and FDTD (blue) simulations are
shown in each graph for the corresponding configuration assuming E'p s = 0.15 eV. The
inset schematic depicts the layout studied in each case. (a) For N = 2 Si/SiO, Bragg
bilayers an inverse surface coverage ratio F' = 1 is assumed. (b) For N = 3 Si/SiO,
Bragg bilayers F' = 4 is used.

boundary. In both cases, total absorption reaches ~ 100%, with almost all of it occurring
in graphene. The designed Bragg cavity lead to almost total light absorption in graphene
for all the Fp g values (| Ersig| < 0.15 eV) considered here.

Figure 6.4(a) plots light absorption in SLG and each constituent as a function of Er g g
for iw = 0.4 eV, calculated using TMM. Exploiting the asymmetric Bragg configuration,
> 90% light absorption in graphene is achieved for all the F/r s  values considered in this
study. This allows for almost perfect absorption even in nanostructured (e.g., nanoribbons
of subwavelength width) SLG partially covering the PD illuminated area.

Perfect absorption in a partially covered SLG area means that the absorption per unit
SLG area is inversely proportional to its coverage fraction. This can be quantified by
defining the SLG inverse surface coverage ratio:

So
F=— 1
S ©.1)

as the ratio of the diffraction limited area Sy = A\?/7 ~ 1077 cm? over the SLG geo-
metrical cross-section S (within Sy). In this configuration, the absorption density, defined
as the ratio of absorption cross-section to SLG geometrical cross-section, can be up to
~ 100% x F. This is equivalent to light focusing within a spot below the diffraction
limit. We term this mechanism geometrical focusing. The increased absorption density
will lead to increased 7 g1 g, thus increased thermionic emission across the Schottky junc-
tion. By patterning SLG into ribbons, the absorption rate ~, of the cavity is reduced. A
straightforward way to reduce the decay rate of the cavity v, and reestablish critical cou-
pling conditions is adding more Bragg layers. Adding a third Bragg period (inset sche-
matic of fig. 6.3(b)) will also lead to sharper resonance, e.g., a quality factor () ~ 235 is
extracted for 2 Bragg periods and ) ~ 1050 for 3 Bragg periods. The ~ 4.5 increase in
(2 means an equal decrease in cavity decay rate ;. Consequently, to restore critical cou-
pling conditions graphene’s absorptivity must be reduced by the same amount. Indeed,
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Figure 6.4: Absorption of SLG and each constituent as a function of Ergi g for iw= 0.4
eV at RT calculated using TMM for (a) /' =1 and (b) F' =4 (c) F' =20 and (d) F' =100
inverse surface coverage ratios.

FDTD simulations with SLG covering 25 % of the computational cell (i.e., /' = 4, inset
schematic of fig. 6.3(b)) reveal that critical coupling is restored in the configuration with
N = 3 Bragg bilayers [blue curve in fig. 6.3(b)].

However, FDTD has inherent difficulties in simulating high () configurations, as dis-
cussed in section 4.2, requiring long computational times. For example, a TMM calcu-
lation (for the whole spectrum) regarding the configuration of fig. 6.3(a) is concluded
within ~ 1 sec while the same calculation using FDTD requires ~ 1 minute. Simulat-
ing the higher () cavity of fig. 6.3(b) leads to an ~ 1 hour simulation, using FDTD in a
personal computer, since longer time is needed for energy dissipation inside the compu-
tational cell. On the other hand, TMM (at least its implementation in the context of this
thesis, as described in section 4.1), is essentially a 1D method, unable to account for the
reduced SLG z—dimension and the increased F'. Nevertheless, we can effectively sim-
ulate the reduced surface coverage of SLG that we need to study here, by reducing its
effective thickness dg; g inserted in the TMM algorithm. In this context, a reduced surface
coverage by a factor of /' and the subsequent reduction in SLG absorption is simulated
reducing dgs; g by the same amount. Indeed, following this strategy, fig. 6.3(b) plots the
calculated total absorption for N = 3 Bragg bilayers using the TMM (red curve), yielding
almost identical results with the FDTD method (blue curve), in which graphene covers a
25% of the x—dimension. The implementation using TMM instead of FDTD is crucial,
since the PD optical response needs to be calculated several times during time-integration
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using 4RK or during the self-consistent iterations using the quasi-cw algorithm described
in fig. 3.16. This would be impractical with FDTD, even for F' = 1.

Having established an efficient way to extract the PD optical response at reduced sur-
face coverage, we can keep adding Bragg bilayers to further increase the absorption den-
sity. For F' = 4, 20, 100 we use 3, 4, and 5 Bragg bilayers respectively. Absorption in
SLG in these cases can be up to ~ 95% 6.4 while absorption density is enhanced by a
factor of F'. In what follows we will see how this effects the PD performance.

6.2.4 Photocurrent across the junction and carrier injection time

For the configuration studied in this chapter, with Si dopant concentration Nys; < 107
cm~? and Tesig > 300 K, the photo-thermionic emission (PTh) is the dominant pho-
tocurrent generation mechanism, as discussed in section 3.5.2. Having determine 7 s g,
usLg and SBH, the electronic and thermal thermionic currents across the Schottky junction
are calculated using eqs. 3.65 and 3.66 respectively, employing the Landauer formalism.
Both J; and Jy, strongly depend on 7i,; value, which is a phenomenological parameter
characterizing the rate at which charge carriers are injected from SLG into Si, across the
SLG/S1 interface (section 3.5.3). In the rest of this chapter we assume 73, values between
the two extremes reported up to date (0.13 ps S 7, < 30 ps) [372,380,383], and study
its effect on PD performance. An exception to this convention is made in fig. 6.8, where
we consider 7i,; down to the fs regime to study its effect on PD operation and account for

possible future experimental improvements.

6.3 Results and discussion

In the rest of this chapter we implement the model described above and evaluate the PD
performance in respect to all the different operation parameters, using the metrics defined
in section 2.1.1.

6.3.1 Temporal evolution of carriers upon illumination of a simple
SL.G/Si junction

We first consider the elementary case of SLG on a n-Si substrate (i.e., no Bragg cavities
involved) illuminated by a 1.5 ps pulse at A = 3.1 um (iw = 0.4eV) at peak power
P,, = 108 W/em? (fluence ~ 150 piJ/cm?, enough to create observable thermal effects).
Equations 3.48- 3.51 are time-integrated using 4RK as described above. We assume:
Te—e = 20 15, Tope = 200 fs, 73y = 30 ps, [ = 200 nm resulting in supercollision disorder
parameter kr g g ! ~ 50, and E}’SLG = 0.15 eV before contact, giving rise to Pz = 0.30
eV at zero voltage bias, a value commonly found in SLG/Si heterojunctions [168,439].
Figure 6.5 plots all the dynamics within and after the pulse duration. In fig. 6.5(a), Tt 1.6
reaches ~ 1200 K and decays slowly back to RT within a ps timescale, as dictated by
e-phonon scattering. It should be noted that graphene’s lattice temperature rise is much
lower, in the order of ~ 10 K, given the ~ three orders of magnitude larger ¢; 1 ¢ compared
to c.sLg (section 3.4.4). In fig. 6.5(b) the fractional changes of SLG absorption, thermal
capacity and chemical potential are shown, with baseline values ag g = 0.0041, c. 516 =
234 x 1071 Jem 2 K71, pugrg = 0.15 eV.
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Figure 6.5: Temporal response of an unbiased SLG/Si Schottky PD illuminated by a 1.5
ps pulse with A\ = 3.1 um at peak power 10® W/cm?. E}’SLG = 0.15 eV, kpsial ~ 50,
Te—e = 20 18, Tope = 200 fs, 73; = 30 ps. (a) incident power and T s, (b) fractional
change of chemical potential, absorption, and thermal capacitance, (c) thermal (left axis)
and electronic (right) current densities.

A critical parameter is c. s; g, Whose sharp increase with temperature (about one order
of magnitude at T¢ s ~ 1200 K) limits the achievable 7. g1 . By comparison, the SLG
absorption reduction ~ 20% at peak T, 516 ~ 1200 K is less severe. Figure 6.5(c) also
shows the thermal (J._,p, Ju, left axis) and electrical (J,;, right axis) currents created.
In fig. 6.5, cooling is dominated by J._,;, while Jy;, is negligible. This is due to the
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imbalance between cooling and injection times: 7._,, ~ 1 ps and 7i,; =30 ps, which leads
to ineffective hot carrier injection across the Schottky barrier and J._,, > J;,. Later
in this chapter, different carrier injection times (1 fs < 7, <30 ps) and the cross-over
between the two cooling regimes (i.e. J._,, vs Jy;,) will be explored.

6.3.2 Quasi-CW approximation limit

Having determine J,; across the junction, the external responsivity R.,; (eq. 2.4) can be
calculated as discussed in section 2.1.1. Note that up to now, we assume no reverse bias
applied in the PD, thus the dark current density is .J; = 0. To test the effect of pulse dura-
tion on PD peak responsivity (R, ), defined as the peak .., during the pulse duration,
and to define a quasi-cw approximation limit, fig. 6.6 plots the normalized responsivity
Rpeak/ Rew (Where Reyw is the external responsivity under the quasi-cw approximation)
at fixed power P, = 107 W/cm? as a function of pulse duration for different 7i,;. The
other simulation parameters are as in fig. 6.5. For 73,; > 1 ps, the cooling is dominated by
e-ph scattering, and the quasi-cw approximation is valid only for pulse duration > 10 ps.
On the other hand, the sub-ps pulses cannot be described by a quasi-cw approximation for
any Ti,. In the rest of this chapter long (> 10 ps) pulses/CW-illumination is assumed and
PD response is acquired using the self-consistent algorithm of fig. 3.16.
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Figure 6.6: Ryea/Rcw at Py, = 107 W/em? as a function of pule duration and 7iy;.

6.3.3 Bragg cavity integration and geometrical focusing

We next consider a SLG/n-Si Schottky PD integrated into an asymmetric Bragg cavity
at critical coupling (fig. 6.3 inset schematics) to allow ~ 100 % SLG optical absorption
as discussed in section 6.2.3. We first consider the PD area equal to the diffraction limit
So = A\2/1 ~ 107" cm? fully covered by SLG (i.e., F = 1).

Figure 6.7 plots the calculated R,.,; as a function of P;, for quasi—cw illumination
(Te—e = 20 15, Tope = 200 15, Ti; = 30 ps, Py = 0.3 eV, kpsigl ~ 50). At low input
powers (P, < 10%>W/cm? down to the noise equivalent power level [eq. 2.5]), J.; is
linear with P;,, so the PD exhibits a linear dynamical range (LDR, i.e. the power range
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of constant R..;) over five decades for 107 W/em® < P,, < 10> W/cm?. At higher
P,, > 102 W/cm? the PD response becomes nonlinear, and R.,; increases exponentially
by almost three orders of magnitude. In this range, a substantial rise in 7 51 leads to ex-
ponentially enhanced thermionic emission across the Schottky barrier, as also evident from
the Richardson equation [168], i.e. J.; x exp [—qPp/(kpTe.sLa)] (see also section 3.5.2,
eq. 3.67). R, reaches its maximum at a certain P;,, beyond which it declines. This de-
cline is understood as a combination of several factors occurring as 7 g1  increases: 1) the
exponential term saturates (i.e., when kg, 51 becomes comparable to SBH), i1) the SLG
absorption drops, iii) the SLG thermal capacitance increases significantly [see fig. 6.5(b)]
requiring increasingly larger input power to achieve the same 7, g1 increase. Therefore,
Tt sLg and J,; continue to rise with increased P, but at a progressively slower, sub-linear
rate, resulting in the R.,; drop. In our discussion, P;, is still below the threshold where
SLG saturable absorption [440, 441] starts to dominate and becomes a limiting factor to
the PD performance. Finally, the effect of the 73, value is evident, since in fig. 6.7(a),
Tinj = 30 ps leads to 12, in the order of ~ mA/W, while 7,; = 0.13 ps results in R.p; ~
A/W [fig. 6.7(b)]. If the SLG electrode is nanostructured [e.g. ribbons narrower than
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Figure 6.7: R.,, for F'=1, 4, 20, 100 as a function of P, for (a) 7,j = 30 ps and (b) 7i,; =
0.13 ps. Note that in (a) R.;; is in mA/W while in (b) in A/W.

A/2, fig. 6.3(b)], its spatially averaged absorptivity will decrease (assuming no resonant
phenomena, such as plasmons become active), but critical coupling conditions can still be
met if the cavity decay rate is reduced to match the new total absorption rate, as shown in
section 6.2.3. Figure 6.7 plots the resulting R.,; for SLG reduced below the diffraction
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limit for F' = 4, 20, 100. As more multilayer periods are added to achieve critical cou-
pling, the corresponding absorption densities increase by a factor £, giving rise to higher
T sig. At the same time the SLG/Si contact area is proportionally smaller, limiting the
overall current across the junction. As a result, if light absorption in SLG remains con-
stant with increasing F', R.,; values will remain the same, but observed at smaller input
power, reduced by a factor F. In fig. 6.7 a slight increase in R.,; is observed for F' > 1,
arising from slightly larger SLG light absorption in these cases [fig. 6.4]. This increase in
absorption originates from the fact that critical coupling conditions are not perfectly met
for F' = 1 and Ergs1 g values considered here (i.e., 7, = 74). A better match of cavity
decay rate -y, and absorption rate v, is achieved for /' > 1 values, leading to increased
SLG light absorption, hence higher R.,;. This effect is more profound on the 7i,; = 130 fs
case fig. 6.7(b). Overall, in the configuration considered here, patterning SLG in ribbons
lower than Sy lead to R..; peak values achieved at input powers reduced by at least a factor
of F.

6.3.4 Effect of carrier injection time

Next, the effect of 7i,; on PD performance is considered. Figure 6.8(a) plots the normalized
Je—pn and Jy, as a function of 7, for different P;,,. We assume /' = 1 and fixed 100%
SLG absorption, to isolate the effect of 7i,; on PD performance. While 7i,; ~ 0.13 ps is
the lowest value reported to-date [372,380,383], we anticipate that future studies may do
better, so we extend our work into the ~ 10 fs regime. The cross-over between phonon-
dominated (J._,, > Jy) and thermionic-dominated (J._,, < Jy) cooling regimes is
observed in all cases [fig. 6.8(a)], but at a different 7, depending on F;,. For larger
Py, T, s increases, leading to enhanced thermionic cooling, and the cross-over point is
shifted to the higher 7. For 73,; > 1 ps, cooling is e-ph dominated even for large F;,. The
corresponding T 51 and R.,; are shown in fig. 6.8(b). R.,: ~ 1 A/W is achievable for
Tinj 10 the sub-ps regime. A smaller 7;,; results in lower NEP and higher D* [fig. 6.8(c)].
In the limit of 7, ~ 10 fs, D* > 107cm Hz"® W™!, values typical in SLG based IPE
PDs [153,179], thus indicative of the potential competitiveness of the PTh configuration,
the latter being additionally spectrally unlimited in contrast to IPE.

Overall, lower 7, lead to better PD performance, both in terms of R.,; and D*, while
Tinj Value determines the dominant carrier cooling mechanism (i.€., Jo—pp 01 Jyp).

6.3.5 Effect of initial Fermi level and zero bias Schottky height

These results impose an upper limit for thermionic emission in SLG/Si Schottky PDs for a
given SBH. The latter depends on the initial E'rg 51 upon contact and the applied reverse
bias Vz, which both affect &5 and the leakage (dark) current. For Vz = 0, ® 5y depends
on SLG Fermi level before contact E},SLG and n-Si dopant concentration N i, having a
lower limit 5" ~ e¢s; (eq. 3.57) depending on Nys; (assuming the ideal case of no
charges and Fermi level pinning at the interface).
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Figure 6.9: Peak (solid) and linear regime (dashed) R, as a function of ®p, for 7, =
30 ps (blue) and 7i,; = 0.13 ps (red). Vertical dashed lines denote the limiting SBH values
accessible depending on N g;.

Figure 6.9 plots the linear regime responsivity Rj;, (at low input power, P;, <102
W/em?) and peak responsivity Rpea (e.g., derived at Py, > 10° W/em® for F' = 1) as
a function of ®py. We consider two cases for 7i,; 30 ps and the lower bound of 0.13
ps. The span of possible SBH achievable for different N, is denoted in fig. 6.9 by a
vertical dashed line (e.g., P4* = 235 meV and 150 meV for Ny = 10'° and 3 x 107
cm 3 respectively). Ry, > 0.1 A/W is reached for Tinj = 0.13 ps at ®py < 0.25 eV
even in the linear (low power) regime. Rj;, and Ry plateau at lower SBH for both 7.
This is due to more efficient cooling at higher Erq s g (i.e., lower ®pp). This behavior
is more pronounced in the linear regime (7. s.¢ < 310 K), where a peak at ®py ~ 0.2
eV is obtained for 7i;; = 0.13 ps. Such behavior is expected when the thermionic cooling
becomes dominant in combination with Pauli blocking at Ergsig > 0.2 eV (Ppy <
0.25 eV). The latter contrasts with the high 7, ¢; > 800 K case, where Pauli blocking is
suppressed by the thermally excited carriers and decreasing . sig [see fig. 6.5(b)]. For
Tinj = 30 ps cooling is phonon-dominated and does not result in a performance drop by
further increasing Erg si.6.

6.3.6 Photodetection performance under reverse bias

SBH can also be controlled by V. The dependence of SBH on V5, is plotted in fig. 6.1(b).
Figure 6.10 plots R, as a function of Vi for different ®5,. We consider the two cases
Tinj = 30 ps and 0.13 ps assuming, for simplicity, 7i,; independent of V. For 73,; = 30 ps,
Rpeak 18 limited to the mA/W range. For 7iy; = 0.13 ps, Rpeax ~ 1 A/W can be reached.
Higher E'rg sig and/or Vi both contribute to SBH lowering, thus higher R,c.. In fig. 6.10
the slope changes at Vp = 4 V for &5y =0.52 eV and at Vz = 21 V for 55 = 0.58 eV.
This is attributed to SLG transitioning from p to n as Vy increases (for $zy < 0.45 eV
SLG is already n-doped at Vz = 0) and Erg shifts from valence to conduction band
via the CNP. During this transition, the rate of ygs; g variation with Vi changes due to the
smaller density of states around the CNP [see also fig. 6.1(a)]. As an additional remark,
we note that peak R, values of fig. 6.10 are observed in different 7', g g for each distinct
configuration. T¢ g1 values resulting in maximum Rpeax as for fig. 6.10 are found in the
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Figure 6.10: R, as a function of Vi for 7y, (a) 30 ps and (b) 0.13 ps (7i,; assumed
independent of bias).

range 1000K < T, 516 S 1500K. The corresponding lattice temperature 7; g in these
cases is in the order of ~ 400 K, much lower than graphene’s melting point of 7, s1.g ~
4500 K [442], indicating that CW illumination can safely be applied even for the high
power densities considered here.

Figure 6.11 plots D* as a function of Vy for different ®5,. D* strongly depends on
the PD noise level. In our calculations, we consider shot and thermal (Johnson) noise
contributions. Shot noise is proportional to the PD current (eq. 2.1), whilst thermal noise
is inversely proportional to the diode resistance (eq. 2.2). Atlow Vg, the PD dark (leakage)
current is reduced, and the Schottky junction resistance is increased, so that the total noise
figure decreases and D* is expected to grow for Vz — 0. Figure 6.11(a) shows that this
is valid only for n-doped SLG (e.g. Py =0.3,0.35,0.4 eV). In contrast, when the SLG/Si
Schottky contact results in p-doped SLG (e.g. Py = 0.52,0.58 V) D* increases with V5.
This is interpreted as follows: for p-doped SLG, a larger Vy increase both photo- and dark
currents (thus noise levels), but at the same time shifts F'rg; g towards the CNP, weakening
both e-optical phonon and supercollision-assisted heat dissipation channels (eqs. 3.42 -
3.45), while making the SBH lowering effect more profound [fig. 6.1(b)], resulting in
enhanced R.;.
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(7inj assumed independent of bias).

To better understand this, let us consider the response of nSLG and pSLG PDs at the
lowest input power, i.e. at NEP level, under reverse bias. For both cases, Vi leads to an
increased Ersig, thus lower SBH. This is more profound in the pSLG case because of
the reduced charge density as one approaches the Dirac point. Also, in the nSLG case the
total number of carriers available for SC cooling as well as the ability for e-optical phonon
scattering is increased with V, while in pSLG the additional e transfer from Si to SLG will
lead (initially) to a reduced number of carriers and scattering due to optical phonon, thus
reduced cooling. Both these effects lead to increased R.,; with V in the pSLG case and
reduction in the nSLG case, as shown in the D* graphs of fig. 6.11. After D* peaks in the
PSLG case, further increase in Vy leads to R.,; reduction, for the same reasons it reduces
in nSLG. A critical factor determining the peak position, is the point at which thermionic
cooling mechanism becoming dominant. Figure 6.12 compares the two cooling channels
(e-ph and thermionic) as a function of Vi for two E;?,SLG’ assuming input power at the
NEP level. We verify that in #SLG thermionic cooling is always dominant (except close
to Vg = 0) while in pSLG a cross over is found for Vi ~ 22 V. Thus, the combined
counteracting phenomena described above lead to an initially increase in D* with Vy in
the pSLG/nSi. For nSLG/nSi all Vi values lead to lower D*. This is more profound in
the high injection time scenario, since for low 7i,; = 0.13 ps thermionic cooling is more
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important than e—ph cooling.

Xt
Epgc=-010ev (@)

8x10° pSLG

6x10”

4x107

Thermal Current (W / cm?)

2x10%

1x10™

8x107
6x1072}
4x10%

2x1072

Thermal Current (W / cm?)

O 1 1 1 1
0 5 10 15 20 25

V, (V)

Figure 6.12: Thermionic (red), e-ph (green) and total (blue) thermal currents for 7;,; = 30
ps for initially (a) pSLG (Ejg g = —0.10 eV; ®pg =0.52 eV) and (b) nSLG (Ejg g =
0.10eV; gy = 0.35¢eV).

Overall, the effect of Vz on D* depends on E'r g1 relative to Si: it will enhance D*
when the initial Fr g6 and Erg; are of opposite sign, but it will severely reduce it in the

opposite case. R.,:, on the other hand, always increases with Vg, as shown in figs. 6.9
and 6.10.

6.3.7 Effect of supercollision scattering strength

Another important factor affecting Ry 15 krsi [, related to supercollision cooling J,.
(eqs. 3.44 - 3.45), with kpsig = +/7n§. g, Where ng; g 1s the free carrier concentration as-
sociated with SLG doping. Figure 6.13 shows the [?,c.x dependence on kp g1 [ for $py =
0.3 eV (by varying /) for the two representative 7;,; and the two extremes of V. In the slow
Tinj Tegime (e.g. 30 ps), where cooling is dominated by e-ph scattering, as krsig ! — 0,
supercollision cooling is enhanced and becomes dominant (surpassing e-optical phonon
scattering and thermionic cooling). This leads to a drop in Rcak. As krsig [ increases, e.g.,
for lower density of defects, supercollision scattering is suppressed. At a certain point the
e-optical phonon scattering becomes dominant, and Ry, plateaus, as kpgsi [ increases
further. For the fast 7i; (e.g. 0.13 ps), cooling is dominated by the thermionic heat flow
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(Jn,) from SLG to Si, resulting in large Rpcax, but this quickly deteriorates as kg — 0
and supercollision cooling is enhanced.
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Figure 6.13: Rjcak as a function of kp g1 [ assuming @y = 0.3 eV. Red lines for Vg = 0
V, blue lines for Vi = 25 V. Solid lines are calculated for 7i,; = 30 ps and dashed for 7,; =
0.13 ps. The calculations were performed assuming / varying from 10 to 400 nm.

6.3.8 Wavelength dependence of photodetector response

We now investigate the wavelength dependence of our thermionic PD platform. Fig. 6.14
plots the SLG absorption, as calculated through TMM, within the MWIR regime in the
range of Aw = 0.38-0.42 eV. The Bragg cavities (composed by Bragg mirrors with N = 2
Si/Si0, repetitions each) are scaled for each target wavelength, based on the methods
described in section 6.2.3. For simplicity, we restrict our analysis to the case of /' = 1
and Ergr g = 0.15 eV. Almost total light absorption in graphene can be achieved, as can be
seen from the continuous lines in fig. 6.14. The dashed lines correspond to the calculated
SLG absorption using N = 3 Bragg bilayers for each mirror. In the latter case, the decay
rate of the cavity is reduced, critical coupling conditions are not met, and SLG absorption
decreases to ~ 70 %.

Figure 6.15(a) plots the SLG absorption as a function of photon energy, from quasi-cw
calculations. We assume E};’SLG =0.15eV, F=1,7._. = 2015, 75 = 200 f5, 73§ = 0.13
ps, o = 0.3 eV, kpsig ! ~ 50 for both NV =2 and N = 3 Bragg bilayers. Dashed lines
correspond to the absorption at the linear regime (low input power, 7; 51 ~ 301 K) and
solid lines for input power corresponding to the peak of R.,; (high input power, T, s;.g ~
1200 K). We observe that at lower /w, SLG absorption is reduced in both cases, due to
Pauli blocking, resulting in a reduced SLG absorption rate and broken critical coupling
conditions. This behavior is more profound in the linear regime, since at R, the high
T. sic allows for SLG absorption even within Pauli blocking (/w < 0.3 V). Nonetheless,
we can compensate for the reduced SLG absorption rate by adding a third Bragg bilayer,
thus reducing the cavity decay rate. In this case, critical coupling conditions are restored
in these lower photon energies.
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Figure 6.14: SLG absorption as a function of iw at RT for Epg =0.15eV and F'=1. The
calculations are performed assuming N = 2 (solid) and N = 3 (dashed) Si/SiO, Bragg
bilayers in each mirror.
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Figure 6.15: (a) SLG absorption and (b) R,,; as a function of iw. Solid lines correspond to
peak R.,; and dashed lines to the low power (linear) regime. In (b) black lines correspond
to the limiting case, where 100 % SLG absorption is assumed. For each wavelength, the
Bragg layer thicknesses were scaled accordingly.
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Figure 6.15(b) plots R.,; as a function of 7w, in the linear regime (dashed lines) and
at its peak (solid lines). As expected, the R.,; trend follows that of SLG absorption. The
black lines, labeled with R(4=109%)  show the limiting case of 100 % SLG absorption,

irrespective of photon wavelength. In the linear regime, Rl(if:m()%) is flat, as expected,
while in the non—linear regime we observe a slight decrease with increasing photon energy.
This is due to the photo-excited non-equilibrium carries: for the same input power, a higher
number of photons are absorbed at lower Aw. As a result, a higher non-equilibrium carrier
density is involved in these cases (eq. 3.55), resulting to a higher yi. g1 (eq 3.41). Since
SLG is contacted with nSi, the higher p.s1 g will lead to reduced SBH ®5 and thus a
slightly increased thermionic emission for lower Zw.

These results show that our methods and conclusions are applicable throughout the
MWIR spectrum. By exploiting the critical coupling mechanism, it is possible to design
PDs with optimal response at the desired wavelength. A large variety of tunability options
are available, by combining £'r g g, number of Bragg bilayers and materials used in Bragg

cavities.

6.3.9 Temporal response and photodetection frequency

Finally, we estimate the limiting factors defining the time response of the studied PD
platform. These are: 1) 73, the transit time of charge carriers across the depletion zone;
2) Tre, the charge/discharge RC time constant of the diode/circuit combination; 3) 7,4,
the photon lifetime inside the optical cavity. The overall time response is thus limited
by [176]:

T = \/TET + The + T (6.2)
1. 7, can be estimated as [20, 153]:

Tir = Xd/vsat,Si (63)

where x4 is the depletion region width and vgq si = 107 cm/s the carrier saturation
velocity in Si [20]. The depletion region varies with Vz and initial SLG doping, i.e.,
Xd X (Vo + V]'%)O'5 (egs. 3.58 - 3.59), where VII% is the reverse bias induced voltage
drop in Si depletion region (section 3.5.1). x, ranges from 150 nm (at Vz=0) up to
the fully depleted #nSi layer thickness dg;, 1.e. x4 = dsi = 453 nm. These values
bring 74, between 1.5 and 4.5 ps, with the corresponding transit-time limited cutoff
frequency f;, = (27th,.)_1 ~ 35-100 GHz.

2. Electronics limited frequency, arising from parasitic RC effects, is given by:

fRC = (zﬂRelCtot)_l (64)

R. = Rs + R, is the sum of the series and contact resistances respectively. R, has
two contributions, one due to nSi and one due SLG and C,; the total capacitance of
the Schottky junction. The Si resistance is calculated as Rs; = (ds; Nysi eMSi)_l ~
10 kQ assuming Ngg; = 10'® em™ with the electron mobility in Si ps; = 1350
cm?/Vs [20]. For SLG, we use Rsig = (04cs16) ' where 04516 is the DC con-
ductivity of SLG (eq. 3.14), assuming a minimum charge puddle concentration
Nminst ~ 102 em™2 and pi 516 ~ 10* em*V~!s™! for the SLG mobility. Rsig
is estimated to be ~ 0.1-1 k{2, depending on Erg; g, Vi and T, ;. For the con-
tact resistance, we assume R. ~ 1 k2 - um [67,383,443]. The total capacitance is
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Ct;% = Cj_ s C; SlLG with C; = Sy € €si/ x4 the junction capacitance and C, 51
the SLG quantum capacitance (eq. 3.15). The latter, given the assumed nyin s1.G, 1S
estimated in the order of~ 1 uF/cm? [269], almost two orders of magnitude above
Cj;. It is thus safe to assume Cy,; ~ C;. Considering all the above ranges, we find
frc ~ 1-10 GHz. This can be increased using a higher Si doping and/or reducing
C; by geometrical focusing. For example, frc ~ 100 GHz is estimated if Ny =
10'” cm~3 is used. On the other hand, F' > 1 will eventually impose an upper limit
in the temporal response, due to the required high—Q optical cavities.

3. The optics-limited f,,: frequency is given by [229]:

fopt = ¢/(n2LQ)) (6.5)

2L is the cavity roundtrip length (the middle #Si and SiO, layers) and ¢/n the speed
of light inside this cavity. Since the latter consists of two different materials we get:

1 1
L=c + 6.6
( 1810, dSi02 nsids; > ( )

where dsio, ~ 1.06 pm and dg; ~ 0.45 um are the thicknesses of the two middle
layers. The quality factor, () is defined as:

_ %
Q=% (6.7)

with wy the cavity resonant frequency and Aw the FWHM of the resonance. We
find ) ~ 235 for F' = 1 and () ~ 21000 for F' = 100. Depending on the chosen
configuration (i.e. geometrical focusing), f,,: ranges from 10 GHz (for ' = 100)
up to 1 THz (for F' = 1).

As expected, the time response limitations are mainly imposed by 7z, bringing over-
all operation frequencies in the range of 1-100 GHz, depending on configuration selection.

6.4 Conclusions

In this study the electrical, optical and thermal properties of graphene, described in chapter
3, where put together in a self-consistent simulation framework. Using this framework,
the temporal response (using the 4RK method) or CW operation (using the self-consistent
algorithm depicted in fig. 3.16) of graphene-based devices can be simulated. Model-
ing devices with the methods developed here, include all carrier dynamics and account
for realistic full-device representations, enabling the design and optimization of novel
graphene-based optoelectronics schemes.

Regarding the specific PD platform studied in this chapter, the physical behavior and
performance limits of SLG/Si Schottky IR PDs operating in the thermionic regime were
assessed. We described the PD operation under realistic conditions for all relevant pa-
rameters, e.g., Schottky barrier height [168, 439], carrier injection time [372, 380] and
graphene quality/supercollision cooling strength [333,351]. Moreover, the transition be-
tween thermionic dominated and e-ph dominated cooling regimes [71], and its effect on
PD operation, was described in detail for both biased and unbiased cases. Exploiting
Bragg cavities configurations and the critical coupling mechanism, introduced in chapter
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5, it is shown that the geometrical focusing scheme, outlined in section 6.2.3, can lead to
Reqi; responsivities achieved at lowered input powers, if SLG in nanopatterned and Bragg
cavities are designed accordingly.

Overall, R.,; up to ~ 1 A/W is achievable in the nonlinear (high-power) regime, R,
~ 100 mA/W in the linear (low power) regime, while D* peaks at ~ 107 cmHz->/W with
a five decades linear dynamic range at low (< 10*> W/cm?) input powers. The temporal
response of the PD platform studied here is in the order of ~ 1 - 10 GHz, with the potential
to reach even ~ 100 GHz if highly doped Si is used or the geometrical focusing config-
uration is utilized. These performance metrics are comparable to IPE configurations but
at a spectrally unlimited scheme, since the results and conclusions derived here are gen-
eral and applicable throughout the MWIR, if the architecture length scale is appropriately
adjusted to the corresponding wavelength. Consequently, the proposed PTh PD platform
is promising for multispectral detection at ambient conditions using CMOS compatible
hybrid SLG-Si technology.



Chapter 7

Electrical detection of graphene
plasmons for mid-infrared
photodetection and chemical sensing

Electrical detection of graphene plasmons is important for developing mid-infrared pho-
todetection and sensing applications based on graphene. Here, we theoretically investigate
a configuration based on graphene nanoribbons on silicon, forming a series of Schottky
junctions. We calculate the heating up of charge carriers in graphene, following plasmon
decay, and their thermionic emission across the junctions leading to the generation of pho-
tocurrent. We extract an external responsivity up to ~ 110 mA/W with a corresponding
noise equivalent power ~ 190 pW/Hz’®, specific detectivity D* ~ 4 x 106 cm Hz"® W1,
and response time ~ 12 ns. We further demonstrate how this platform can be used for
developing label free chemical sensors, utilizing surface enhanced infrared absorption,
where the analyte presence is directly monitored by the photocurrent change. The meth-
ods and conclusions derived in this work are applicable throughout the infrared spectrum,
where graphene plasmons can be realized

This chapter is based on:

» S. Doukas, P. Sharma, I. Goykhman and E. Lidorikis,
Electrical detection of graphene plasmons for mid-infrared photodetection
and chemical sensing: A computational study,
Appl. Phys. Lett. 121, 051103 (2022),
https://doi.org/10.1063/5.0093981
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7.1 Introduction

Surface plasmon polaritons (SPP) in single layer graphene [59—-63] are a promising plat-
form for light detection [69,444-447], optical modulation [251,448,449] and sensing ap-
plications [450—455]. SLG-SPPs are gate-tunable throughout the MWIR [305,306,313],
sensitive to chemical doping [456], and exhibit high spatial field confinement [59, 320,
450,457]. The latter is a result of significant momentum mismatch between SLG-SPP
and free-space light [60, 63], which however, also renders the light in-coupling to SLG-
SPPs inefficient due to momentum conservation [60, 63]. Techniques to match momenta
and increase in-coupling efficiency include SNOM assisted scattering [305,306], scatter-
ing from metallic-nanoparticles [285,303,304], and nanostructured SLG, e.g. in the form
of nanodisks [307—312] or nanoribbons [313-316,318,319].

Detection of SLG-SPPs is typically done optically and is indirect, i.e., by spectral
measurements of the reflected and transmitted light [310-313,315,449-452], followed by
post-processing and simulation to identify and subtract background absorption and peaks
coming from other device elements such as metallic antennas, Fabry-Perot cavities, et.c.
An electrical measurement technique yielding direct information on SLG-SPP excitation,
however, would be ideal for reasons both fundamental (understanding of the excitation
and decay mechanisms) and practical (clear distinction between SLG-SPPs and other de-
vice resonances, avoidance of bulky optics). There have been several studies addressing
electrical detection of SLG-SPPs. In all of them, the elevated SLG electronic temperature
at plasmonic resonance is utilized to induce and harvest a photocurrent [69,445—447]. One
approach involves the photo-thermoelectric effect [445]. In ref. [445] Re.: of 20 mA/W
was measured at zero bias, with a calculated NEP of 400 pW/Hz%5. Another approach
involves the temperature-induced changes in SLG conductivity [69, 446,447]. However,
this requires electrically biasing SLG, which introduces significant dark current noise. A
further bottleneck is also related to the weak temperature dependence of SLG conductiv-
ity [458], especially in CVD graphene where carrier transport is dominated by defects and
grain boundaries [459,460]. As a result, the measured R.,; in ref. [69] was found in the
order of R.,; =~ 10 uA/W. An improvement, utilizing the conductivity change due to
elevated SLG carrier temperature mechanism, was reported in ref. 447, using graphene
disk plasmonic resonators (GDPR) [446,447] connected with graphene nanoribbons [447]
(GNR), whereby the GDPRs generate hot carrier population via plasmon resonant absorp-
tion and thermalization, while carrier transport is thermally activated along the GNRs.
This work resulted in measuring R.,; ~ 16 mA/W [447], with a measured NEP ~ 1.3
nW/Hz"?, and a theoretical lower limit [447] of NEP calculated at ~ 460 pW/Hz"°. This
approach, however, still requires voltage-biased SLG as well as the fabrication of complex
nanostructures and molecular junctions.

In this chapter an unbiased SLG/Si Schottky junction configuration operating in the
thermionic regime is designed and theoretically investigated, as a platform for electri-
cal detection of SLG-SPPs. A periodic array of SLG-GNR on top of a p-doped silicon
substrate (p-Si) is assumed, forming a series of SLG/Si Schottky contacts, where gra-
phene plasmon resonance frequency scales with nanoribbon width and graphene Fermi
level Ergig (section 3.3.3). The absorbed optical power in GNR, promoted by SPPs
excitation, leads to a thermalized hot carrier gas in SLG [445-447,461], which in turn
creates photocurrent via thermionic emission across the SLG/Si junction, as discussed
in the previous chapter. The theoretical framework that was developed in chapter 6 for
inter-band optical excitations in SLG, with photons energy iw > 2Eprg g, is extended
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to the intra-band absorption process at longer wavelengths (i.e. at Pauli blocking regime
hw < 2Epgsig). It is demonstrated that GNR-SPPs based Schottky junctions can pro-
duce significant photocurrent. Specifically, using optimized device geometry and real-
istic operational parameters, an external responsivity R.,; ~ 110 mA/W is calculated,
with NEP ~ 190 pW/Hz"°. Furthermore, we demonstrate this electrical detection sche-
me in a chemical sensing application, utilizing the surface enhanced infrared absorption
(SEIRA) technique [321,450-454,462—-464], using toluene [465] as an analyte paradigm.
The sensing device architecture and operational parameters are optimized, and we explore
its detection and sensitivity limits.

7.2 Photodetection layout and FDTD simulations

The studied configuration consists of a periodic GNR array of width w and period L placed
on top of a p-Si substrate (N4 s; = 10'” cm™?), forming a series of Schottky contacts, as
depicted in Fig. 7.1(a). We assume the GNRs to be p-doped, as is common in CVD
fabricated graphene [466,467], and, for simplicity, a fixed w/L = 0.5 ratio. The structure
is supplemented by an Au backmirror at distance ds;, to form a Fabry-Perot cavity and
enhance GNR light absorption [321, 449, 450]. The lowest energy (bipolar) GNR-SPP
resonant wavelength can be calculated by eq. 3.38. By adjusting Erg ¢ and/or w, the
GNR-SPP resonance can be tuned within the application desired wavelength range. For
the specific study, targeting at plasmonic resonance in the 13-15 pm, assuming w = 40
nm (more w values will also be explored) the required Erg ¢ lies in the range of ~ 0.30
- 0.4 eV. To determine the exact resonant wavelength, extract the absorption spectrum
and optimize the mirror distance ds; for maximum light absorption in graphene, FDTD
simulations were performed, using the commercial software Lumerical [399].
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Figure 7.1: (a) Schematic of the periodic GNR array of width w and period L on top of
p-Si, separated by distance ds; by an Au backmirror. (b) SLG absorption colormap as a
function of wavelength and p-Si thickness dg;.

FDTD simulations were carried out using a 2D computational cell [assuming semi-
infinite y-direction (transverse) dimensions] with periodic boundary conditions along the
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x-axis and absorbing boundary conditions (perfectly matched layer, PML) along the z-
axis, and a mesh grid size of 1 nm. SLG was inserted in Lumerical software as a 2D
boundary, with its surface conductivity modeled using the Kubo formula (eq. 3.19), as-
suming Frsig ~ 0.36 eV. The free carriers relaxation time in SLG, 7.y, depends on
FErsig and is related to carrier mobility 11, s16 via eq. 3.23. Typically, 7oy is in the order
of ~ 100 fs [47] for polycrystalline CVD graphene. For nanopatterned GNR examined
here, however, 7, is assumed to be w-limited [355], i.e., Topt = w/Vpsig = 40 fs, a
limitation arising from carrier scattering at the edge of the ribbons. This yields mobility
Hgsg ~ 1000 ecm?V~!s71, similar to what expected for defected and/or nanostructured
SLG [321,355]. The p-Si (N, si = 10'7 cm™?) substrate’s optical response was modeled
assuming a Drude model, as described in the previous chapters, using eq. 5.2, but with
m* = 0.38m,, and p 5 = 450 cm*V~'s~1 [20] the Si hole mobility instead, since here
we consider p-doped Si. The Au backmirror’s optical response was modeled using data
from ref. 423. The configuration of fig. 7.1(a) is illuminated using a plane wave source
under normal incidence and the calculated GNR absorption colormap is plotted in 7.1(b),
as a function of wavelength and mirror separation ds;. A maximum SLG absorption ~ 65
% at ~ 14 um was calculated, at optimum dg; = 1 pum.
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Figure 7.2: FDTD simulations regarding the configuration of fig. 7.1(a) for ds; = 1 um,
Ersig =0.36 eV and 7., = 40 fs. (a) GNR absorption spectrum. Also, for a x — 2 cross-
section of 40nm x 40 nm, the colormaps of (b) electric field intensity enhancement (c)
distribution of the real part of the E-field  component and (d) distribution of the real part
of the E-field z component are plotted. In (b) - (d) dashed lines depict the GNR position.
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For dg; = 1 um (adopted for the rest of this chapter), fig. 7.2(a) plots the absorp-
tion spectrum as a function of wavelength, for graphene parameters as described above.
The prefactor ) of eq. 3.38, accounting for the hybridization and redshift of plasmons
in neighboring GNRs [319] and affected by SPP-cavity interactions with the backmir-
ror [321], is also extracted, having a value  ~ 1.25 for the specific configuration. Fig-
ures 7.2(b)-7.2(d) plot the distribution of E-field intensity enhancement, real part of the
E-field x component and real part of the E-field 2 component respectively, for a z — 2
cross-section of 40 nm x 40 nm, as calculated from FDTD simulations. A large (~ 10%)
field enhancement in the vicinity of GNR is observed, extending only a few tens of nm
around GNR, typical for graphene plasmons as discussed in section 3.3.

7.3 Sensing layout and FDTD simulations

The surface enhanced absorption enhancement (SEIRA) technique [462] can be used to
probe spectral features of analyte molecules, which are unique for each substance, acting
as molecular fingerprints. These spectral features are poorly probed directly by light, due
to the large mismatch between resonant wavelength (~ pwm) and molecular size (< nm)
[451,462]. The principle of SEIRA is to use the deep sub-wavelength electric field (E-
field) confinement and intensity enhancement of SPP modes [321,450-454,462—-464] to
probe these vibrational fingerprints. SPPs in GNR are ideal for this application, since the
enhancement and localization of E-fields in the vicinity of graphene surpasses by far the
corresponding merits developed in SPPs of metallic nanostructures [451,453,462].

Here, to theoretically investigate this application, toluene is used as an analyte pa-
radigm. The latter has its two main absorption lines at \; ~ 13.7 um and A\, ~ 14.4
um [465]. The real and imaginary part of toluene’s refractive index is plotted in fig. 7.3
using data extracted from measurements reported in ref. [465]. We use these data to import
a thin toluene layer in our FDTD simulations.

If a thin d;,; = 8 nm toluene layer (more d,,; values will also be explored) is placed
on top of the optimized GNR configuration discussed in the previous section [fig 7.4(a)],
GNR absorption will be reduced at the spectral lines of toluene absorption peaks, as shown
in the red curve corresponding to the left y—axis of fig. 7.4(b). This also involves a small
redshift of the overall response [compared to the same configuration without toluene,
dashed blue curve in the left y—axis of fig. 7.4(b)], due to the different dielectric en-
vironment introduced by the toluene layer [451]. In the following section we use this
configuration and, utilizing the self-consistent framework presented in the previous chap-
ter, we explore the translation of this GNR absorption reduction towards a direct electrical
readout.

7.4 Schottky barrier, carrier dynamics and photocurrent

Upon GNR/p-Si contact, holes will flow from p-Si to GNRs due to their workfunction
difference (fig. 7.5), forming a depletion layer in p-Si and a Schottky junction with zero
bias barrier height ®5q = elj + epg;, as discussed in detail in section 3.5. In this case,
since we deal with p-Si, egg; 1s the energy difference between the Fermi level Erg; in
Si and the valence band Ey ;. Using the framework developed in chapter 6 and the self-
consistent algorithm depicted in fig. 3.19, we find that for Erg g = -0.36 eV, the GNRs
must initially (before contact) be at E;“,SLG =-0.35 eV, i.e., no significant Erg g shift
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Figure 7.3: Real (blue) and imaginary (red) part of toluene’s refractive index as measured
in ref. [465].

occurs. This is related to the increased density of states of SLG at elevated E'r g1 values
(eq. 3.6). At the contact, GNR/p-Si Schottky junction gives rise to a zero bias Schottky
barrier height $ 3y ~ 0.31 eV. Here, we utilize the conclusions of the previous chapter and
we will not consider reverse bias, avoiding thus dark current and excess noise, leading to
higher sensitivity (i.e., D*) of the Schottky junction (fig. 6.11).

The incident MWIR light 1s assumed continuous (or quasi-continuous, €.g., in long
> ps pulses) and quasi-monochromatic, i.e., filtered by a grating or prism [468]. After
light absorption, the excited GNR carriers thermalize within ~ 20 fs and eventually cool
down through the emission of acoustical and optical phonons, as discussed in detail in
the chapters. During this process, an elevated electronic temperature is achieved and ad-
ditional fraction of charge carriers at the Fermi-Dirac distribution tail will overcome the
SBH and thermionically will be injected into p-Si. The latter will contribute to further
cooling as well as a net photocurrent across the junction [i.e., Jy, eq. 3.66]. To calculate
the electronic temperature 7., s  of charge carriers in GNR under continuous illumination,
we use the self-consistent algorithm (fig. 3.16) presented in chapters 3 and 6 to solve the
equilibrium equation for 7 g1 g:

OéGNRP/S = Je—ph + Jin (71)

where P is the incident optical power focused in area S (here taken as the diffraction
limited spot S = A?/m ~ 6 x 107" cm?, with A= 14 um the average wavelength of
interest) and agnr = aonr (Ersig, Tesig) s the absorption coefficient of the GNRs (ac-
quired through FDTD simulations described above). Note that for the low input powers
considered here, resulting to 7, g1 increase < 1 K, agnr can be safely assumed to re-
main independent of 7, g ¢ during illumination, i.e., agnr = anr(Ersic, 300 K). As
a result, the optical response of the studied configuration is calculated once using FDTD
and the absorption spectra is feeded only in the beginning of the self-consistent cycle
and not in each iteration as in chapter 6. As in the previous chapter, J._, accounts for
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Figure 7.4: (a) Schematic of the proposed sensing scheme. A periodic GNR array of width
w and period L = 2w is placed on a p-Si substrate with an Au backmirror at a distance of
dg; = 1 um. A thin layer of toluene (transparent red) is assumed to cover the whole GNR
array. (b) Calculated SLG absorption for w =40 nm, Ergig ~ -0.36 €V, 7o, = 40 fs with
(dashed) and without (continuous) the 8 nm thick toluene layer. The vertical gray lines
mark the absorption lines of toluene.

both optical-phonon scattering (eq. 3.42), including both phonon branches at the K- and
I'-points of graphene’s Brillouin zone, as well as disorder assisted supercollision scatter-
ing (eq. 3.44). The latter strongly depends in short-range scatterers mean free path [, as
demonstrated in chapter 6. For the GNR structure considered here, we assume [ to be
w-limited, i.e., [ = w, since scattering at the edge of the ribbons limits the available mean
free path [. The combined contributions of J,, and J,. lead to an effective e-ph relaxation
time 7._pn = CesLGATe 516/ Je—pn ~ 400 fs [eq. 3.46], where AT, g is the electronic
temperature rise at equilibrium (AT, g1 < Ty =300 K) and ¢, s1.6 (Ersic, Tesig) the
electronic heat capacity. This 7._,;, value is lower compared to the one for a continuous
SLG sheet [~ 1 ps at Ergig ~ 0.36 eV, fig. 3.13] due to the smaller mean free path [,
which thus renders supercollision as the dominant cooling process for GNRs. We note
once more that here we examine only the linear regime, i.e. low enough P so that AT, g g
values are in the order of mK. Due to the much larger (x10%) heat capacity of the SLG
lattice compared to that of its carriers, we assume the lattice temperature to be fixed at
Tis1.6 =300 K.

The thermionic electrical and thermal current densities across the Schottky junction are
calculated using the Landauer transport formalism via eqs. 3.65 - 3.66. As demonstrated
in the previous chapter, they strongly depend on the effective injection time of charge
carriers from SLG to Si (7i,j). The latter has several dependencies (e.g., Schottky interface
quality, SLG contact resistance, Ergig and 7; g1G), as discussed in the corresponding
section 3.5.3. Here, we estimate a lower bound for 7, for the low temperature regime
(kBTe,SLG < EF,SLG) using Tinj ™~ /) |Epych,| / (kBTe,SLG)2 [381] y161d11’1g Tinj ~ 350 fs for
EF,SLG =-0.36 eV and Te,SLG ~ 300 K.

The photocurrent across the junction is calculated as I, = J.;.S/2 (the 1/2 factor
is because of half-coverage, i.e., w/L = 0.5). We assume incident power P = 9.35
nW. As expected, I, follows the trend of GNR absorption spectrum [dashed blue curve
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Schottky junction

Figure 7.5: Energy levels of SLG and p-Si (a) before and (b) after they form a Schottky
junction.

corresponding to the right y—axis of fig. 7.4(b)]. The external responsivity (eq. 2.4),
for the configuration depicted in fig. 7.1(a) with dg; = 1 um, calculated at A = 14 um,
is extracted having a value R.,; ~ 1 mA/W. Note that in the absence of reverse bias, in
this configuration the dark current density is zero. The corresponding NEP (eq. 2.5) is
NEP = 1.4 nW/Hz"° and the specific detectivity (eq. 2.6) D* ~ 5.5x10° cm Hz*® W1,
assuming photoactive area S equal to the diffraction limited spot as discussed above.

Upon analyte placement as for fig. 7.4(a), assuming toluene thickness d;,; = 8 nm, the
photocurrent is reduced, as plotted in the red curve corresponding to the right y—axis of
fig. 7.4(b). The chemical sensing signal /s is then determined by the photocurrent differ-
ence between the calculation for bare GNR and the one including toluene, Is = AL, =
Iph.bare — Lph toluene, Which is plotted in fig. 7.6(a), showing peaks at the wavelengths cor-
responding to toluene molecular resonances. The peak at A\; ~ 13.7 um is higher due to
this mode’s stronger absorptivity [465] (see fig. 7.3). Quantitative comparison between
peaks can be done after subtraction of the baseline [red dashed line in fig. 7.6(a)]. The
resulting spectrum is plotted in 7.6(b).

By operating SLG/Si Schottky diode at zero bias, with eliminated dark current, the
noise signal (normalized to a 1Hz spectral band) is (i%) = (i%,) + (i%), where (i%,) is
the shot noise contribution (eq. 2.1 and (%) is the Johnson (thermal) noise contribu-
tion (eq. 2.2). For chemical sensing, when measuring a signal /g, the effective total
noise is contributed by both Iy pare and Ipp topuenes i.€. the total noise power is (i3 ,,,) =
(1% pare) + (1% s0tuenc) [stared dots in fig. 7.6(b)]. To quantify a limit of detection as-
sociated with photo-thermionic process, we calculate the minimum optical power P,,.;,,
needed, i.e. signal to noise ratio SNR = 1, in order to detect the presence of an analyte.
We define SNR, for each absorption line of the analyte, as SNR = Ig/ig . In the stud-
ied configuration, the main contribution to g 1s the Johnson noise, with the calculated
1y > g, In the order of few pA and few fA respectively. Since Johnson noise does not
depend on input power P (eq. 2.2), SNR can be approximated to scale linearly with the
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Figure 7.6: (a) Photocurrent difference (/g) spectrum as calculated after the subtraction
of I, spectra without and with toluene, assuming toluene thickness d;,; = 8 nm. The red
dashed line marks the baseline of the spectrum. (b) Photocurrent after the subtraction of
the baseline of (a), resulting to two peaks corresponding to toluene’s molecular resonances.
The stared dots mark the combined noise level of the two calculations (with and without
toluene).

incident optical power, given the large (more than five decades) linear dynamical range
od constant R.,; for SLG/Si Schottky junctions operating in the photo-thermionic regime
at low input power, as discussed in chapter 6. This linear relationship, as calculated from
our simulations for operation parameters as for fig. 7.4(b), is plotted in fig. 7.7 for the
two absorption lines of toluene. Hence, SNR = aP where « is a proportion coefficient.
As a result, the limit of detection at SNR = 1 is P,,;,, =1/ a. From fig. 7.7 the slope
«a is extracted as o =~ 0.14nW~! and a, =~ 0.10nW ™!, where the subscript denotes the
A1 ~ 13.7 um and A\ ~ 14.4 um lines respectively. The corresponding limits of detection
are Pin1 ~ 7.1 nW and P,,,;,, 2 = 10 nW respectively.

For P ~ 9.35 nW, considered in figs. 7.4 and 7.6, the stronger absorbing toluene
mode at \; = 13.7 um leads to SNR>1, while for A\, ~ 14.4 um, SNR<1 as can be
seen from fig. 7.7 and the stared dots of fig. 7.6(b). To validate the ability to distinguish
the photocurrent peaks originating from the analyte presence at low P, fig. 7.8 attempts
to generate an “experimental”, i.e. noisy, photocurrent signal /2 by adding the noise
contribution according to / goise = Ig £ x 154, Where x is a pseudo-random number in the
range [-1,1]. Peaks are still well distinguishable, especially after averaging (red dashed
line in fig. 7.8) as typically applied in real experiments using multiple accumulation cy-
cles. These results demonstrate the proposed concept for direct electrical detection of
GNR-SPPs and its application for chemical sensing.

7.5 Optimization of the photodetection and sensing sche-
me

Next, the effect of the various operational parameters on PD metrics and P,,;,, are ex-
plored. We first study the effect of I/r g1 . Besides changing the SBH, Fr g1 variations
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Figure 7.7: SNR as a function of P,,;, for the two absorption peaks of toluene. The
parameters used for the calculations are as for fig. 7.4(b).

also require the re-evaluation of several other quantities, like the 7;,; lower bound, the
width w to keep the GNR-SPP frequency fixed, the free carrier relaxation time 7, and
the mean free path [ for supercollision scattering. These parameters are summarized in
table 7.1 for three different values of E}SLG prior to Schottky junction formation.

Epgic (€V) —0.250  —0.350 —500
Ersic (eV) —0.265 —0.358  —0.502
P (eV) 0.408 0.314 0.169
Tinj (PS) 260 350 490
Topt (5) 30 40 55
w (nm) 30 40 55
[ (nm) 30 40 55

Table 7.1: Values of the parameters assumed in our calculations. Initial (before contact
with p-Si) E}SLG, Fermi level Ergi g after Schottky junction formation, zero bias SBH
® gy, carrier injection time Ty, free carrier relaxation time 7,5, PAGR width w and mean
free path for supercollision scattering /.

Fig. 7.9(a) plots P,,;,, calculations assuming different Frg; g, using the parameters as
for table 7.1. Higher E'r g1 (and w) values lead to lower P,,;,,, 1.€., detection capability at
lower incident optical power. This is because increasing £ g g brings to: a) smaller SBH,
which triggers an enhanced thermionic emission across SLG/Si Schottky interface and b)
larger w, which leads to longer 7.y, increased intraband SLG conductivity and higher
light absorption, as well as larger supercollision mean free path  and thus less cooling,
yielding higher 7, i for the same P. A slight counterbalance comes from the longer
Tinj>» @S shown in Table 7.1. The overall trend, however, remains that of a lower P,,;,, for
larger E'p g1 values. The performance differences, upon changing E'r s, can also be
understood by the R.,; and NEP values regarding the configuration of fig. 7.1(a). At the
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Figure 7.8: Ig spectrum, including noise inserted in the calculations using a pseudo-
random number generator. The red dashed line corresponds to a adjacent-averaging
smoothing filter on the Is spectrum.

central wavelength (A = 14 um), the lower graphene doping (e.g. Ersig = -0.265 eV)
results to higher SBH (Table 7.1) and R,,; ~ 40 uA/W, NEP ~ 7.4 nW/Hz"® and D* ~
105 em Hz"® W™, For higher SLG doping (Ersic = -0.50 eV, i.e. lower SBH), R,
increases and reaches R.,; ~ 110 mA/W with a lower NEP ~ 190 pW/Hz"? and D* ~
4% 10% cm Hz%® WL, There is, however, a lower limit of a SBH that can be achieved in the
given configuration, in the order of ®3" & eV}, that depends on Si doping (eq. 3.57). The
latter would allow achieving lower ®'5*" using higher p-Si doping, but would also lead
to a fraction of light loss in Si (due to free carrier absorption), thus lowering the 7¢ g1 6
increase and associated thermionic current across the Schottky junctions. Note also, that
a reduced ambient temperature will not improve performance. Because of the thermionic
nature of the photocurrent generation, the responsivity will get strongly suppressed at
lower temperatures (eq. 3.65) and result in a NEP increase, despite the reduction of the

Johnson noise.

7.6 Effect of analyte size on sensing scheme

Up until now, toluene layer with thickness d;,; = 8 nm was considered as the analyte.
Pnin, behavior as a function of d;,;, assuming Ers g ~ —0.36 €V (and the corresponding
operational parameters in Table 7.1), was also examined and the results are plotted it in
fig. 7.9(b). For vanishing toluene thickness, P,,;, 1s increased, i.e., higher optical power
is needed to detect a thinner layer of the analyte, as expected. On the other hand, P,
plateaus after d;,; ~ 35 nm. This is due to SPP fields extending only a few tens of nm away
from the GNRs [figs. 7.2(b)- 7.2(d) ]. Further increase in d;,; does not change the overall
I, yield, highlighting the significance and major impact of surface-enhanced fields of
GNR SPPs to directly and electrically probe the toluene’s (or other analyte’s) absorption

lines.
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Figure 7.9: (a) Calculated P,,;,, for different values of Er g g - w. (b) P, as a function
of d;.;. In (b) we used the parameters as for the second column of Table 7.1.

7.7 Temporal response of the proposed PD scheme

Finally, the limiting factors regarding the temporal response of the studied device are the
same as for chapter 6. These are: the transition time of charge carriers across the Si
depletion region (73.), the photon lifetime inside the cavity formed by GNRs and the Au
backmirror (7,5) and the charge/discharge resistance-capacitance (RC) time constant of
the Schottky diode (7r¢).

The transition time of charge carriers across the depletion region is given by eq. 6.3 and
depends on depletion region width x 4. The later depends on Er g and can be extracted
from eqn. 3.58. We find x4 = 58 nm, 46 nm and 17 nm for the Frg g = —0.265 €V,
—0.358 eV and —0.502 eV cases respectively. These values yield transit times 73, =0.58
ps, 0.46 ps and 0.17 ps for the three aforementioned cases of E'r g1, resulting to cutoff
frequencies f;, = (2773,) "' = 274 GHz, 344 GHz and 964 GHz respectively.

The optics limited frequency is determined by the photon lifetime inside the cavity and,
for the configuration studied in this chapter, is given by f,,» = ¢/(ns; 2ds; Q) where 2ds; is
the roundtrip length inside the cavity formed between GNRs and the Au backmirror, ¢/ns;
is the light velocity inside this cavity, with ng; the real part of the p-Si refractive index and
() = wo/Aw the cavity quality factor. The latter is found to be () ~ 5 for all the three
cases of Er g1, leading to f,,x ~ 9 THz.

Finally, the RC limited frequency is given by frc = (27RqCiot) !, with Ry =
Rs; + Rsig the combined series resistance of Si and SLG and C},, the total capacitance
due to junction and SLG quantum capacitance contributions. The p-Si substrate’s resis-
tance is calculated using Rs; = (dSiNa7Sieuh7Si)_l ~ 1.4 kQ/O, where dg; the Si sub-
strate thickness, N, si the Si dopant concentration, e the electron charge and p, s =
450 cm?V~'s! the Si hole mobility [20]. The SLG contribution to the total resistance is
Rsic = (opcsig) ™t SLG de conductivity is calculated using eq. 3.14, assuming a min-
imum charge puddle concentration npinsig ~ 102 em=2 and p, 516 ~ 10% em?V—1s~!
for the SLG mobility, resulting to Rgrg ~ 1 k{2, 0.6 k€2 and 0.3 k{2 for Epg ¢ = —0.265
eV, —0.358 eV and —0.502 eV respectively. The total capacitance of the studied device is
Crot = o 14+ CfleG. The junction capacitance is given by C; = S esi €9/ (2 xa), where S

q
is the device area, assuming it equal to the diffraction limited spot as discussed above, and
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Table 7.2: Calculated PD (lines 2 — 5) and sensing (lines 6—7) metrics for different values
of initial (before contact with p-Si) Fermi level E}’SLG. In lines 6 — 7 a toluene thickness
of d;,; = 8 nm was assumed for the calculations.

Epsig (V) —0.265 —0.350 —500
Reyi (MA/W) 0.04 1 110
NEP (pW/Hz?%) 7400 1400 160
D* (cmHz*> W™1) 1.I1x 10°  57x10°  4.4x 10°
feur (GHZ) 1.27 1.22 0.52
Plel=5" (nW), 42 7 0.9
P (nW) 59 10 1.2

the factor 1/2 is because of half coverage. We calculate C'; ~ 0.05 pF, 0.07 pF and 0.2 pF
for Epsig = —0.265 €V, —0.358 eV and —0.502 eV respectively. SLG quantum capaci-
tance is given by eq. 3.15, estimated to be C, 51 = 2 pF, 2.7 pF and 3.6 pF for Ergig =
—0.265 eV, —0.358 eV and —0.502 eV respectively. Combining all of the above, the RC
limited frequency of the proposed device is estimated to be fro =1.27 GHz, 1.22 GHz
and 0.52 GHz for Erg g = —0.265 eV, —0.358 ¢V and —0.502 eV respectively.

As for the case of thermionic SLG/Si Schottky PDs examined in chapter 6, the limiting
factor for the temporal response of the proposed device is the charge/discharge RC time
constant of the Schottky diode. Thus, the cutoff frequencies of the configurations studied
here are f.., ~ frc =~ 1.27 GHz, 1.22 GHz and 0.52 GHz with the respected overall
response times 7,.s, ~4.9 ns, 5 ns and 12 ns for EFrg g = —0.265 eV, —0.358 ¢V and
—0.502 eV respectively.

Table 7.2 summarizes the PD and sensing metrics calculated in this chapter for the 3
different values of initial (before contact with p-Si) graphene Fermi level E},SLG as for
table 7.1.

7.8 Conclusions

In this chapter, the SLG/Si thermionic PD scheme developed in chapter 6 is expanded in
the low-photon energy (iw < Ergs1g) regime. The self-consistent simulation framework
presented previously in this thesis was combined with FDTD simulations, using the com-
mercial FDTD solver Lumerical, to study the use of GNRs in a SLG/Si Schottky junction
configuration, to electrically detect graphene plasmons. Under realistic considerations for
all material and device parameters involved, calculations suggest an increased I, yield
at the SPP resonant wavelengths. Optimized devices can reach external responsivity ~
110 mA/W with a corresponding NEP ~ 190 pW/Hz%®, D* ~ 4x 105cm Hz’® W' and
response time 7,.s, ~ 12 ns, corresponding to a cutoff frequency of ~ 0.5 GHz. This
platform for electrical detection of SLG plasmons can operate either as a mid-IR photode-
tector or as a chemical sensor, utilizing the SEIRA technique, able to detect the presence of
an analyte in the vicinity of GNRs and generate a direct electrical readout. The operation
of such a sensor was studied and the quantitative relations for its detection and sensitivity
limits were extracted, suggesting sensing capability using low power input in the order of
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~1—10nW.

The methods and conclusions derived in this chapter are applicable throughout the
MWIR, LWIR and FIR, where SLG SPPs can be realized. Limitations in reaching shorter
wavelengths may arise due to fabrication constraints in reducing w and reaching large F'r
values, as well as material availability in utilizing a semiconducting substrate with smaller
dielectric constant. Assuming w,;, ~ 20 nm (due to fabrication constraints) and E7¢f ~
0.55 eV for p-Si with N, s; = 10'7 cm™, there is a lower bound at A ~ 8 um. There is no
limitation, however, for longer wavelengths, since w can always be increased/tuned ac-
cordingly, and the proposed scheme is based on thermionic emission, which is not limited
by the substrate’s bandgap. This work facilitates the theoretical background for a unique
tunable multi-band optics-free photodetector and/or chemical sensor based on graphene

plasmons.



Chapter 8

THz self-induced absorption
modulation on a graphene-based thin
film absorber

Interaction of intense terahertz (THz) waves with graphene based modulation devices
holds great potential for the optoelectronic applications. A thin film graphene-based THz
perfect absorbing device, whose absorption characteristics can be modulated through THz
self-actions in the sub-ps time scale, is presented. Experiments* utilizing intense broad-
band THz pulses were performed by our colleagues, on a device consisting of single layer
graphene placed on an ionic liquid substrate, back-plated by a metallic back-reflector, with
the graphene doping level mediated through electrostatic gating. An absorption modu-
lation of more than three orders of magnitude from the initial perfect absorption state,
when the device is illuminated with THz field strengths in the range of 102 kV/cm to
654 kV/cm was experimentally recorded. Detailed theoretical analysis, utilizing the self-
consistent simulation framework presented in this thesis, indicates that the origin of the
THz response is the THz induced heating of the graphene’s carriers, that leads to a re-
duction of its conductivity, and consequently to reduced absorption of the THz radiation.
Our analysis also reveals the temporal dynamics of the THz induced temperature increase
of graphene carriers, illustrating the ultrafast, sub-ps nature of the overall process. These
results can find applications in future dynamically controlled at optics and spatiotemporal
shaping of intense THz electric fields.

* The experiments performed in IESL-FORTH at Ultrashort Nonlinear Laser Interactions
ans Sources (UNIS) research group [469] by Dr. Anastasios Koulouklidis under the su-
pervision of Prof. Stelios Tzortzakis. The theoretical analysis and interpretation was done
in collaboration with Dr. Anna Tasolamprou of the photonic-phononic and meta-materials
(PPM) group [470], located in IESL-FORTH, under the supervision of Prof. Maria Kafe-
saki.

This chapter is based on:

» A. Koulouklidis, A. Tasolamprou, S. Doukas, E. Kyriakou, S. Ergoktas, C. Daska-
laki, E. Economou, C. Kocabas, E. Lidorikis, M. Kafesaki and S. Tzortzakis
Ultrafast Terahertz Self-Induced Absorption and Phase Modulation on a Graphene-
Based Thin Film Absorber, ACS Photonics 2022, 9, 9, 3075-3082 (2022),
https://doi.org/10.1021/acsphotonics.2c00828
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8.1 Introduction

Terahertz (THz) radiation holds the possibility to bridge photonics and electronics, ly-
ing above the upper limit of attainable frequencies of the latter [471]. THz electromag-
netic waves’ non-ionizing nature and their ability to directly probe rotational and vibra-
tional modes of large biological molecules, renders them useful for biomedical applica-
tions [472, 473], industrial quality control and food inspection [474]. Moreover, THz
wireless communications are expected to play a key role in emerging 6G technologies
[213,475]. Conventional materials, however, have poor performances in applications re-
garding detection and manipulation of THz radiation, since commonly used semiconduc-
tors have bandgap that far exceeds the THz photon energies while most optical glasses
and dielectrics strongly absorb THz radiation. Novel schemes for THz wave manipula-
tion have been proposed, including diodes [476], metamaterials [477] and more [478].
One of the most promising materials for developing THz optoelectronics is graphene
[24,43,219], given its unique electronic and optical properties discussed previously in
this thesis. Graphene-based schemes have been reported for a wide variety of applications
in the THz part of the spectrum, including photodetection [66,479—481], high-harmonic
generation [282,330], hot-carrier assisted frequency conversion [482], saturable absorbers
for passively mode-locked THz sources [79] and THz modulation [56, 80,483].

In chapter 5 of this thesis, an optical modulation scheme operating in the IR part of
the spectrum was studied, with graphene’s optical response controlled via an external gat-
ing voltage. In these configurations, however, temporal limitations, associated with the
parasitic RC effects of the electronic circuitry used to electrostatically dope graphene, are
arising. Graphene’s optical response can be modulated via an alternative, ultrafast manner,
in all-optical modulation schemes [218]. A way to achieve this is to exploit the hot-carrier
induced changes in graphene’s conductivity [280] to realize sub-ps transient modulation
of graphene’s THz optical response [80]. Moreover, the recent developments in high-
power THz sources [484-486], have resulted in the report of a plethora of hot-carrier
induced nonlinear phenomena in graphene [64,282]. Experimental studies have demon-
strated the emission of THz induced high-harmonics [330], graphene plasmon nonlinear
absorption [487], saturable absorption [79], and the electric tunability of the graphene’s
nonlinearity [488]. These nonlinear phenomena are related to the collective thermody-
namic response of graphene carriers [280] upon the application of intense THz excitation,
resulting in THz induced heating. It is thus imperative to be able to accurately describe
graphene carrier dynamics upon intense THz light absorption and realistically simulate
relevant devices.

In this chapter, THz time-domain spectroscopy (THz-TDS) experiments, regarding
the intense THz excitation of a graphene based thin film absorber, are presented. Perfect
absorption is recorded in a Salisbury screen configuration, i.e., a uniform graphene sheet
placed on top of a dielectric, supported by a metallic backmirror. Upon THz excitation,
ultrafast self-induced absorption modulation was observed, surpassing three decades of
measured change in reflectance when the incoming THz field strength increases from 102
kV/ecm to 654 kV/cm. To unveil the origins of this nonlinear response, a detailed theo-
retical analysis based on the self-consistent simulation framework developed during this
thesis was performed. Graphene absorption modulation is attributed to hot-carrier induced
conductivity reduction, leading to THz absorption lowering. Excellent agreement between
simulations and experiment is found, validating the model developed in this thesis. More-
over, through the application of the analysis presented in detail in this chapter, the temporal



CHAPTER 8. THZ SELF-INDUCED ABSORPTION MODULATION 120

dynamics of the THz induced temperature elevation are mapped, extracting a variety of
graphene parameters’ transient response just by using the fitting scheme developed here
and applying it in reflectance measurements.

8.2 Experimental setup and measurements
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Figure 8.1: (a) Schematic of the experimental THz-TDS setup. (b) Experimentally mea-
sured incident THz electric field. The inset plots the corresponding power spectrum.
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A powerful THz-TDS setup [fig. 8.1(a)] was utilized by our colleagues in IESL-FORTH
[469,470] to excite the graphene-based device presented in this chapter. THz pulse gener-
ation is realized using two-color filamentation of ultrashort laser pulses in air [486,489].
Filamentation is generated when an intense ultrashort laser pulse propagates in transparent
media. The pulse is self-focused through the Kerr effect, leading to an increased intensity
which will promote the self-focusing even further. The intensity becomes high enough
to ionize the medium, through multi-photon and tunneling ionization, leading to plasma
generation. The ionization process then locally drops the intensity while the generated
plasma defocuses the trailing part of the beam. The above procedure can repeat itself mul-
tiple times, if the wavepacket has enough power to re-initiate a second defocusing stage.
The ionized gas results in a THz transient, formed by coherent plasma oscillations driven
by the ponderomotive force or by transition radiation from accelerated carriers driven by
wakefield acceleration [490]. In two-color filamentation, a fundamental laser pulse and
its second harmonic are focused together in gases like ambient air [fig. 8.1(a)], producing
laser-plasma filaments that emit THz radiation. The use two-color filamentation can lead
to the generation of THz broadband pulses with high intensities [486,489]. Figure 8.1(b)
plots the incident THz electric field, along with its power spectrum, produced by the above
procedure and used in the experiments studied here. The THz beam is then driven to a pair
of wire grid polarizers, allowing for the control of its intensity, and then illuminates the
sample at an angle of 16° with a TM polarization [fig. 8.1(a)]. The reflected THz waves
are then driven to a 100 um thick gallium phosphide (GaP) crystal for detection through
electro-optic (EO) sampling. In this detection method, the THz beam co-propagates with
a linearly polarized probe laser beam through GaP. The THz electric field changes the
polarization ellipsoid of the refractive index in the EO crystal, inducing changes in the
polarization of the probe pulse. These changes in the probe’s polarization are translated
to intensity changes by an analyzer, e.g. by using a Wollaston prism [489]. A delay unit
is used to control the delay between THz and probe beams, allowing for the transient de-
tection of THz induced changes in the probe’s polarization, upon incidence in a pair of
balanced photodiodes [fig. 8.1(a)]. In the setup utilized for the experiments studied here,
a 12 ps temporal window was achieved.

Figure 8.2(a) shows a schematic of the graphene-based device studied in the aforemen-
tioned experiments. CVD grown SLG is placed in top of a a 25 um-thick porous polyethy-
lene membrane containing room temperature ionic liquid electrolyte (DEME-TFSI) [55]
and a gold electrode as a back reflector [55,56]. In this configuration, Er s can be fine-
tuned by applying an external bias voltage between graphene and the and the grounded Au
backmirror. When no bias is applied, SLG is p-doped due to the nature of transfer and grow
process [55,56], with high enough Er g to satisfy critical-coupling conditions [55, 80].

Figure 8.2(b) plots the normalized measured THz electric fields, for the cases of lowest
(102 kV/cm) and highest (654 kV/cm) studied THz field strengths. Given the high band-
width of the THz-TDS system employed in these experiments, the resolvement of both
reflective interfaces of the studied device is possible. They manifest themselves as two
distinct peaks on the THz field: The first one, at —0.25 ps, originates from the reflection
of the incident THz pulse on SLG while the one at 0 ps originates from the Au backmirror
[see Figure 8.2(c)]. From fig. 8.2(b) it is evident that SLG reflectivity is reduced, com-
pared to the one from the Au back reflector, at higher THz field strengths, implying a THz
induced negative photoconductivity.
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Figure 8.2: (a) Schematic representation of the graphene absorber structure. The device is
composed of SLG, a membrane soaked with room-temperature ionic liquid electrolyte
having thickness d = 25 um, and a metallic back-reflector. Ergs g can be controlled
through electrostatic gating. The THz beam illuminates the sample at an angle of 16°
with TM polarization, having a spot size with a diameter of 210 um. (b) Normalized THz
electric fields in the case of 102 kV/cm (red curve) and of 654 kV/cm (blue curve). (c)
Schematic representation illustrating the formation of the THz field shape after its reflec-
tion on the studied device.

The THz reflectivity due to SLG, by recording the peak of the THz electric field that
corresponds to the latter [time = -0.25 ps in fig 8.2(b)], as a function of gate voltage was
also measured. Figure 8.3(a) plots these measurements for different incident peak electric
fields in the available range of 102 to 654 kV/cm. All curves were normalized to SLG CNP,
defined as the gating voltage at which the graphene’s conductivity becomes minimum and,
consequently, so does THz reflectivity due to the increased transmission.

THz reflectivity, at zero gating voltage, shows a self-induced modulation with increas-
ing THz field strength. At low THz fields, a modulation of the THz reflectivity up to 50 %
at 0 V is recorded. However, at high THz field strengths, this modulation drops to 10 %.
All the following measurements were performed at 0 V, where the maximum modulation
on the graphene reflectivity was observed.
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Figure 8.3: (a) Peak THz reflectivity signal of the gated SLG alone, i.e. corresponding
to the signal at —25 ps as for fig 8.2(b), as a function of THz field strength and gating
voltage. All curves are normalized to the response at CNP of graphene, indicated with the
dashed line at 1.4 V. (b) Experimentally measured reflectance spectra of the studied device
at zero bias, as a function of incident THz field strength in the range of 102-654 kV/cm.
All spectra are normalized at the CNP.

The aforementioned THz self-induced photoconductivity modulation, is expected to
impact the absorption characteristics of the whole device. The reflectance spectra, nor-
malized to the reflectance at CNP (i.e., = 1.4 V bias), for varying THz field strengths are
plotted in fig. 8.3(b). For the minimum THz field strengths used here (102 kV/cm) the
device operates as a perfect absorber, presenting a resonance at f &~ 2.33 THz, defined
by the device design and the angle of incidence of the THz radiation. The reflectance of
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the device at this frequency drops down to ~ 10~%. However, as the THz field strength
increases, the perfect absorption conditions are disrupted and the reflectance of the de-
vice increases to 0.57, for the maximum available THz field strength of 654 kV/cm. This
corresponds to a THz induced absorption modulation of more than three orders of mag-
nitude. Moreover, a slight red shift of the resonance with increasing THz field strength is
observed. In order to exclude any nonlinearities induced by the intense THz fields on the
ionic liquid substrate, a similar sample was investigated separately without the graphene
layer, and we did not observe any THz nonlinear response.

8.3 Simulation model

To understand the origin of the observed THz induced nonlinear response, a detailed the-
oretical analysis was performed, utilizing the self-consistent simulation framework pre-
viously outlined in this thesis. A qualitative representation of the cause of THz induced
absorption self-modulation is depicted in fig. 8.4. After the absorption of the incoming
THz radiation, graphene carriers thermalize in an ultrafast (~ fs) timescale [183, 184].
Heat dissipation occurs in a much slower (~ ps) timescale, as shown previously in this
thesis, via emission of optical phonons [333, 345] and disorder assisted supercollisions
[328,333,351]. This leads to heat accumulation in the graphene carrier bath, raising the
electronic temperature 7 s1g. The elevated T g1 results in a reduced graphene chemi-
cal potential [fig. 3.4], due to net carrier density conservation (eq. 3.12), and a broad-
ened Fermi-Dirac distribution of graphene carriers [fig. 3.15]. This reduces the intraband
transitions, as explicitly evaluated by the Kubo formula (eq. 3.19), leading to a reduced
intraband conductivity [280,324], and thus to a reduced THz absorbance of graphene [64].

e-e thermalization (~ 20 fs)

1 2

Te,SLG

3 4
(x 10° K)

5

e-ph cooling (~ ps)

Figure 8.4: Schematic representation of graphene’s carrier distribution upon heating, fol-
lowing THz excitation. Chemical potential (red line) and carrier distribution are depicted
atroom temperature (left) and 7, s > 300 K (right). The middle graph plots the reducing
graphene chemical potential with increasing 7, as a consequence of carrier conservation
(eq. 3.12).
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In order to quantitatively describe the above, graphene carrier and temperature dynam-
ics are time integrated using 4RK and a two-temperature model, as described in detail in
section 3.4.4 and chapter 6. Note that in the THz regime we don’t have to account for
non-equilibrium photoexcited carriers d,, .G, since the latter arise from interband transi-
tions (eq. 3.51), which are Pauli-blocked in the low energy THz part of the spectrum. As
a result, we deal with a pair of coupled rate equations, for T g1 g:

oT, —~
Ce,SLG é;LG = P (t) — Je—pn (Tt s16, Tisic) (8.1
and for E,SLG:
oT;
C1,SLG (;:LG = Jeph (Tesie: Tisia) — Dsig—sub (1,516 — Tsub) (3.2)

As in the previous studies of this thesis, electronic and lattice heat capacities are given
by eqs. 3.16 and 3.50 respectively, while graphene carrier and lattice temperatures, which
are generally different, are denoted by 7 g1 and 7} 51 respectively. P, (t) denotes the
fraction of the incident power density absorbed by SLG. The optical response of the whole
configuration (i.e., including the substrate and the Au backmirror) is calculated using
TMM. The SLG absorbed power density, however, is not calculated in a single frequency
but rather for the whole incident THz spectrum, i.e.:

1/3;1(15) = / asig (w, Tesig) P (w, t)dw (8.3)

1

where agr g (w, T sLg) is the SLG absorption at frequency w and temperature 7, g1 g, calcu-
lated via TMM as discussed later in this section, while w; and ws correspond to ~ 0.1 and
20 THz respectively [see inset of Figure 8.1(b)]. For the input power density a Gaussian
pulse time-dependence is assumed, i.e.,

Pyn(w,t) = P(w)exp(=B(t/7,)°) (8.4)

with B = 4In(2), where 7,, ~ 150 fs the full width at half maximum of the pulse and
P(w) the spectral profile of the input pulse. P(w) is determined experimentally [see inset

of Figure 8.1(b)] and is normalized so that [ P;,(w,?)dt agrees with the experimentally
0

measured pulse fluence. J._,,(7¢ sLg, T1s1c) is the thermal current density from electron
to phonon bath, calculated as discussed previously, accounting for both optical-phonon
scattering (eq. 3.42) and disorder-assisted supercollision scattering. For the latter short-
range scatterers with a mean free path [ are assumed (eq. 3.44), yielding a supercollision
thermal current density scaling with [=!. The cooling rate of graphene lattice into the
substrate is assumed to have a value I's; g_u» ~ 20 MWm~2 K~!, as previously discussed
(more values were examined with little to no effect on the final reflectance spectra) while
the substrate temperature T, is fixed for simplicity at 300 K, since no substrate heating
was observed in the experiments.

THz light absorption in graphene is governed by intraband transitions, described by
the frequency dependent intraband graphene conductivity. As discussed in section 3.2.1,
for intraband dominated optical conductivity at high (> 300 K) 7% 51 ¢, the dependence of
Topt ON carriers’ energy must be taken into account. To account for this, graphene’s optical
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conductivity is calculated as for [280]:

ie? [ E
opt . _
Uintra,SLG(w’:U“SLGvT&SL(hTopt) TR / o +z'7'71(E) dE
0 opt

Ofrp (—E; HSLG, Te,SLG) _ afFD(E; HSLG, Te,SLG)
oF oF

(8.5)

Free carrier relaxation time 7., dependence on carriers’ energy is modeled assuming un-
screened long-range scattering in Coulomb impurities (eq. 3.25), as expected in CVD
grown graphene [279,280,282,324]. In this case, 7, scales linearly with carrier energy,
with a proportionality constant v depending on impurity concentration, as for eq. 3.25,
and was treated as a free parameter in the fitting scheme of this study, described in de-
tail in the following section. A full microscopic description can be used to account for
effects of screening [327] and electron-phonon scattering [349] on 7,,,. However, at the
high Frsig (> 0.2 eV) and substrate supported graphene with low (< 10* cm?/Vs) mo-
bility used in our study, it is found to result in an overall linear dependence of 7, with
carrier energy [64,324]. This linear scaling has also been successfully implemented in de-
scribing conductivity changes upon carrier heating in previous studies [280,282]. Thus,
to avoid the addition of extra free parameters (which could lead to overfitting the experi-
mental data) we follow the simplified linear scaling model of the unscreened case and fit
the proportionality constant v and graphene Er g to the experimental results.

Using eq. 8.5 for graphene’s Drude conductivity, the dielectric function was calcu-
lated, from which graphene’s absorption aig; g was determined and inserted in TMM. The
substrate’s contribution to the optical response is determined by fitting the device’s re-
flectivity, prior to graphene placement, to experimental measurements [8.5(a)], assuming
a 25 um substrate thickness. Dispersion of the measurements can be attributed to noise
contributions, especially for the low THz field strengths considered in the experiments
(i.e., 102 kV/cm and 147 kV/cm), the latter being close to the limit of detection of the
utilized detection scheme. To compensate for this, the average value of the experimen-
tal spectra was calculated and the substrate’s dielectric response was fitted using a single
Lorentz oscillator [491]. The fit result to the average experimental spectra is plotted in
fig. 8.5(a), yielding very good agreement between TMM calculations and experiments.
The extracted Lorentz parameters are: €., = 3.29, Ae = 1.45 ¢V, A2 = 5.42 meV and
Al = 9.28 meV, where €, is the value of the dielectric function at infinite frequency, Ae
the oscillator strength, /€2 the transition frequency and 41" the decay rate of the Lorentz
term.

The overall optical response of the proposed device, including the contributions of
the substrate and the backmirror, is calculated by employing the Fresnel equations using
TMM. Finally, the reflection spectrum of the whole device is calculated as:

R(w) = I PZ;Z(“” t)R(w,t)dt
15" P (w, t)dt

0

(8.6)

where R(w, t) is the time-dependent reflection resulting from TMM, which includes all the
definitions of eqns. 8.1-8.5, self-consistently updated during the time integration within
the developed 4RK scheme, described previously in this thesis.
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Figure 8.5: (a) Experimental spectra of the reflectance acquired from the studied con-
figuration prior to SLG placement. (b) Lorentz oscillator fit in the average value of the
experimental spectra.

8.4 Fitting Scheme

The free parameters used in the fitting scheme employed here are graphene’s Fermi level
Ers1, the proportionality constant y for long-range Coulomb scattering [280, 282] and
the mean-free path for supercollision scattering [ [328,351]. The main contribution to
the extracted reflectance spectra comes from the first two parameters (i.e., Er s g and ),
while supercollision mean-free path mainly impacts the value of minimum reflectance at
resonance. This can be understood since [ affects the cooling power of graphene’s hot
carriers, while Er g1 and vy are directly correlated to graphene’s optical response, hence
altering both the minimum value of reflectance at resonance as well as this minimum’s
spectral position.

As aresult, the method followed in the fitting scheme employed here is the following:
A wide region of Ergig and v was scanned and the simulation results were compared
to the experimental measurements. To quantify the deviation between calculations and
experiment, the squared differences of the minimum reflection dx_.and its position 5?‘“‘“
was extracted as for:

5Rmin — ( Rmin . Rmin )2

exrp sim

. o b2 (8.7)
5fmm — ( ex[;m _ f8i7r1;2n>
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Figure 8.6: Colormaps of the normalized squared differences between simulations and
experiment as a function of Er g1 and 7. (a) and (b) plots the deviation regarding the po-
sition of the minimum reflectance 5?““ for 147 kV/cm and 654 kV/cm THz field strengths
respectively. (c) and (d) plots the deviation regarding the value of the minimum reflectance
Or,,, for 147kV/cm and 654 kV/cm THz field strengths respectively. All calculations were
performed assuming [ = 75 nm.

This procedure was performed for the highest (654 kV/cm) and the second lowest (147
kV/cm) field strengths of the experiments. The lowest (102 kV/cm) field strength was
not chosen for the fitting procedure, to avoid fitting the simulations with experimental
measurements that could potentially include large noise contributions, since they were
acquired near the limit of detection of the experimental scheme.

Figure 8.6 plots the (normalized) colormaps of 5?“““'" (a-b) and g . (c-d), assuming
[ =75 nm. The stared dots show the final values chosen after this fitting procedure,
and adopted for the rest of this chapter, that better replicate the experiments. These are
Ersig = 0.56 eV and v = 170 fs/eV.

Figure 8.7 plots the effect of supercollision mean-free path variation in the calculated
spectra for the F/r g1 g and «y values and THz field strengths mentioned above. It is evident
that even large sweeps in [ values only affect the minimum reflectance value extracted
from the simulations. A value of [ = 75 nm is adopted for the rest of this chapter, since it
was found to better replicate the experimental measurements for all the studied THz field
strengths.
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Figure 8.7: Calculated spectra of the studied device for different values of supercollision
mean-free path [ assuming Frg g = 0.56 eV and v = 170 fs/eV. Dashed lines plots the
experimentally acquired spectra. The results are plotted for (a) 147 kV/cm and (b) 654
kV/cm THz field strengths.

Figure 8.8 plots the calculated spectra along with the experimental measurements for
the extracted values of the presented fitting scheme, i.e., Erg g = 0.56 €V, 7 = 170 fs/eV
and [ = 75 nm for all the measured THz field strengths. Excellent agreement between the-
ory and experiment was found regarding the position of the resonant frequency. The exact
value of the minimum reflectance is replicated better at higher field strengths and large
deviation from the experimental data is observed only in the lower field strength of 102
kV/cm, which may originate from noise contribution in the measurements at these very
low (~ 10~%) reflectance values originating from the lower THz field strength examined in
this study. Deviations between calculations and measurements were also observed in the
shape of the spectra far from the resonant frequency (figs. 8.7 and 8.8). The resonances
have a sharper profile in theory compared to experiment. The latter can be attributed
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to inhomogeneous broadening originating from substrate thickness and graphene doping
fluctuations across the measurement spot size (~ 210 pm diameter).
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Figure 8.8: Experimental (red) and calculated (blue) reflection spectra for Erg g = 0.56
eV, vy =170 fs/eV and [ = 75 nm for all the THz field strengths examined in this study.

Figure 8.9 plots the reflectance spectra for graphene at CNP, i.e. under 1.4 V bias.
The values of [ and  extracted from the aforementioned fitting procedure were adopted
while E'r g1 was treated as a free parameter. The experimental spectra of the studied con-
figuration with graphene at CNP present a slight dispersion [fig. 8.9(a)], so the fitting
procedure was performed by taking the average value of these measurements. Graphene’s
Fermi level at CNP was extracted at g1 = 200 meV, and the corresponding reflectance
spectrum is plotted in fig. 8.9(b) along with the mean value of the experimental measure-
ments. The extracted value for Erg g at CNP can be attributed to residual doping of
graphene after transfer on the ionic substrate and is in line with previous reports regarding
similar devices [55,56,334].
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Figure 8.9: Reflectance spectra od the studied device with graphene at CNP under 1.4 V
bias. (a) Experimental measurements at various field strengths (b) Average experimental
I spectrum along with simulations assuming Ersi g ~ 200 meV, v = 170 fs/eV and | =
75 nm.

8.5 Simulation results and interpretation

Good overall quantitative agreement is found between calculations and experiment [see
fig. 8.10(b)] for Ers g ~ 0.56 eV, [ ~ 75 nm and 7 ~ 170 fs/eV. The latter yields a free
carrier relaxation time of 7o, = 95 fs at room temperature, which corresponds to a carrier
mobility of 1, s1g &~ 1700 cm?V~'s~!. The values for Ers.g and T extracted from the
aforementioned fitting scheme match very well to previous reports in similar devices [55,
56]. Moreover, the supercollision mean free path is within the range of previous reported
values for graphene on a dielectric substrate [328,351]. These results validate the self-
consistent simulation framework developed in this thesis and demonstrate the usefulness
of this model as a reliable tool for extracting graphene’s parameters using as input the
experimental optical measurements.

Figure. 8.10(b) shows the calculated reflectance spectra, for the experimentally exam-
ined THz field strengths, normalized to the reflectance spectra for graphene at CNP (i.e.,
1.4 V bias, Ersig ~ 200 meV). We observe a similar behaviour with the experimental
findings [see fig. 8.3]. As the THz field increases, so does the calculated reflectance, pre-
senting also the characteristic red-shift of the resonance observed in the experiment. The
absorption resonance is due to critical coupling of THz waves into the Fabry — Perot cavity
formed by the graphene reflector and the backmirror and is sharper in theory compared
to experiment. The latter can be attributed to inhomogeneous broadening, as discussed
in the previous section. At frequencies far from resonance, on the other hand, an anti-
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resonance is expected, where the total reflection of the graphene-mirror system is larger
than the reflection at CNP [where graphene is non-reflecting, fig. 8.9] and thus the normal-
ized reflectance reaches above unity [fig. 8.10(a)]. It should be noted that this behavior is
observed in the theoretical spectra but not in the experimental ones, which is most likely
due to the aforementioned inhomogeneous broadening. Figure. 8.10(b) plots the minimum
normalized reflectance, as a function of peak THz field strength, alongside the experimen-
tal measurements, showing a very good agreement between theory and experiment. It is
evident that a higher THz field strength, yields larger overall reflectance. As discussed
previously, this can be attributed to the heating of graphene carriers and the subsequent
lowering of graphene chemical potential and the reduction of its intraband conductivity
leading to disrupted critical coupling conditions. Therefore, graphene absorbance is re-
duced, and as a result reflectance of the incoming THz radiation increases.
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Figure 8.10: (a) Reflectance spectra, for different THz field strengths regarding the cavity
structure presented in fig. 8.2(a), as calculated from our model using Ergi g ~ 0.56 €V,
[ =75 nmand vy = 170 fs/eV. All spectra are normalized at the CNP. (b) Experimental and
calculated minimum reflectance of the studied device, as a function of THz field strength.

The self-consistent simulation framework developed in this thesis allows one to gain
insight into the carrier temporal dynamics, during THz excitation. Figure 8.11(a) shows
the temporal evolution of carrier temperature, for the parameters extracted of the fitting
scheme presented in this chapter, during, and shortly after the THz excitation. In Fig-
ure 8.11(b) the respective temporal evolution of the real part of intraband conductivity
(which is directly proportional to THz graphene absorbance) is plotted, at the resonant
frequency. This elucidates how the near instantaneous thermalization of graphene carri-
ers, in combination with their retarted cooling, leads to vanishing conductivity at higher
THz field strengths. The latter is the source of the non-linear absorption modulation ob-
served in this study. Furthermore, we observe that the overall phenomenon occurs on the
sub-ps time scale, illustrating the ultrafast nature of the observed modulation.
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Figure 8.11: Simulated temporal evolution of (a) graphene carriers’ temperature and (b)
real part of intraband conductivity at the resonant frequency as calculated from the self-
consistent simulation framework developed in this thesis, for the parameters extracted
from the fitting scheme presented in this chapter.

8.6 THz nonlinearity dependence on excitation
field strength

Finally, in this section, a quantification of the nonlinear response of the proposed device
upon THz excitation is presented. For completeness, both device’s response, i.e. THz
reflectance, as well as the material property that causes the response variation after illu-
mination, i.e. graphene’s intraband conductivity, are considered.

Figure 8.12 plots the temporal evolution of the relative intraband conductivity change
of graphene Ao /oy, where oy = 2.12 mS the graphene’s conductivity at time ¢ = 0. For
these calculations the modeling framework discussed above was used, assuming resonant
frequency f ~ 2.33 THz and graphene’s parameters as extracted to match the experimen-
tal measurements, i.e. Erpg g ~0.56¢eV, !l ~55nmandy ~ 170 fs/eV. For fig. 8.12(a) the
full studied device as for the experiments was considered, i.e. including the ionic liquid
substrate and the Au backmirror, while for fig. 8.12(b) graphene suspended in air, the latter
having the same Er g1, v and [ as for 8.12(a), was assumed. Both schemes result in neg-
ative photoconductivity after illumination and the subsequent graphene carrier heating, as
expected for graphene’s intraband conductivity for E'rs; g away from CNP (Epg g >0.1
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eV) [64, 280,282, 324]. Intraband conductivity evolution, during and shortly after THz
excitation, is similar in both cases. Conductivity change is more profound in the full de-
vice case [8.12(a)], due to the increased graphene absorption imposed by the Fabry-Perot
cavity created between graphene and the Au backmirror, which leads to enhanced carrier
heating.
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Figure 8.12: Temporal evolution of graphene’s intraband conductivity, as extracted from
our calculations, for the resonant frequency of f ~ 2.33 THz. The calculation performed
assuming (a) the full studied device, as for the experiments and (b) free-standing graphene
with the same parameters (£ sig, 7 and /) suspended in air.

Figure 8.13 plots the temporal evolution of the differential reflectance AR/ Ry, where
Ry the reflectance at time ¢ = 0. The latter has a value Ry ~ 0.0024 in the case of
the full studied structure and Ry ~ 0.26 in the case of air-suspended graphene. The cal-
culations regarding fig. 8.13 are extracted assuming graphene parameters as discussed
previously, yielding the best fit to experimental measurements. For graphene on the stud-
ied configuration, as for the experiments, THz excitation with increasing field strength
leads to increased (reduced) overall reflectance (absorbance) [fig. 8.13(a)]. For air sus-
pended graphene, however, THz excitation results in reduced overall THz reflectance [fig.
8.13(b)].

The change of sign in the THz excitation induced response between these two schemes,
arises from the fact that the studied structure satisfies critical coupling conditions [55, 80]
at room temperature, as discussed in the previous sections. The THz excitation and the
subsequent carrier heating, which leads to reduced intraband conductivity, results in break-
ing these coherent conditions and, consequently, to reduced absorption and an increased
reflectance, since transmission is suppressed by the Au backmirror. The above results
highlight the enhancement of the nonlinear response of the proposed device (i.e. THz re-
flectance), induced by the combination of the graphene layer with the substrate and the Au
backmirror, upon THz excitation. Even though the changes induced in graphene properties
(i.e. intraband conductivity) are almost the same with and without the proposed Salisbury
screen, the effect of the latter is crucial in the device’s response upon carrier heating.

For a further insight into the dependence of intraband conductivity on the THz field
strength, the minimum of intraband conductivity for each case of fig. 8.12 is plotted in



CHAPTER 8. THZ SELF-INDUCED ABSORPTION MODULATION 135

80 T T T T T 0.0
(a)
60 | 1
- — 102 kV/cm S .02 — 102 kV/cm |
Sl —147kV/iem | & —— 147 kV/cm
g — 240 kV/cm < — 240 kV/cm
< ——337kV/em < —— 337 kV/icm
20k —419kV/ecm | —419 kV/cm
— 559 kV/cm 04+ — 559 kV/cm 1
—— 654 kV/cm — 654 kV/cm
0 1 Il 1 1 1
00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2
t (ps) t (ps)

Figure 8.13: Temporal evolution of reflectance, as extracted from our calculations, for the
resonant frequency of f ~ 2.33 THz. The calculation performed assuming (a) the full
studied device, as for the experiments and (b) graphene with the same parameters (Er g1 g,
~ and [) suspended in air.

fig. 8.14, as a function of the maximum value of the applied THz field E,,,.. More-
over, a numerical fit in the extracted minimum conductivity values was performed, to
highlight the relation of the latter to F),,,,. The following parametrization was used:
ot — ().035 B . The fitresults, regarding the studied device are plotted in fig. 8.14(a),
yielding an exponent 5 = 0.6. For the case of graphene suspended in air, the correspond-
ing o'"" values along with the numerical fit are plotted in fig 8.14(b), yielding an exponent
g =0.63.

Figure 8.15(a) plots the calculated maximum values of reflectance, for the full device
case, as a function of THz field strength. A linear fit, using the parametrization Ry,.x— Ry =
Y Emaz, 18 plotted in the same graph using a red dashed line. The values used for this
linear fit are Ry = 0.034 and v = 3.4 x 10~ cm/kV. For the case of air suspended
graphene, THz photoexcitation results in negative differential reflectance, as discussed
above. The minimum reflectance values, during illumination, are plotted in fig. 8.15(a)
as a function of THz field strength for the case of graphene suspended in air. A linear
fit is also performed in this case, i.e. Ry, — Rz) = V'Emm,, yielding RE) = —0.26 and
7 = —1.7 x 10~* ecm/kV.

From the above it is clear that combining graphene with the Salisbury screen type
configuration proposed in this study, not only reverses the sign of graphene’s response
upon THz excitation, but it also enhances it, compared to the case of suspended graphene.
We find THz reflectance scaling linearly with the excitation pulses’s field strength, i.e.
with the square root of its fluence. The above highlight the need to be able to design
and optimize graphene-based devices accurately and reliably, to exploit at the maximum
degree graphene’s properties and enhance their final performance.
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Figure 8.14: Minimum graphene conductivity values during THz excitation as a func-
tion of THz field strength. The dashed lines corresponds to numerical fits using oM =
0.035 E.7 . The exponent j3 is extracted having a value 3 ~ 0.6 for the studied device

(a) and B =~ 0.63 for air suspended graphene (b).
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Figure 8.15: Calculated (a) maximum values, regarding the studied device and (b) mini-
mum values, assuming air suspended graphene, for THz reflectance as a function of THz
field strength. In both cases the calculations were performed at f = 2.33 THz. The red
dashed lines corresponds to linear fits on the extracted values.
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8.7 Conclusions

In this chapter the developed self-consistent multi-physics simulation framework was used
to replicate experiments, regarding the self-induced absorption modulation of a graphene-
based thin film absorber. Very good agreement between calculations and experiments was
found, validating the model and methods developed during this thesis. In this study, it
is demonstrated how, under the excitation of intense THz pulses, a graphene-based Sal-
isbury screen perfect absorbing device can be self-modulated in terms of its absorption
properties. In the experiments performed by our colleagues in IESL-FORTH an absorp-
tion modulation of more than three orders of magnitude was observed, when the THz field
strength scaled from 102 kV/cm up to 654 kV/cm.

The detailed theoretical analysis presented here, based on the dynamics of THz in-
duced hot carriers in single layer graphene, shed light on the origin of the observed non-
linear response of the studied device: the illumination with intense THz fields, results
in heating of graphene’s carriers and a subsequent decrease of its chemical potential and
intraband conductivity. The carrier temporal dynamics during THz excitation, obtained
through the split-time algorithm developed here, reveals the ultrafast nature of the non-
linear response since the entire phenomenon lasts less than a ps. Finally, after extract-
ing graphene’s parameters in the studied configuration upon theoretical analysis, the THz
nonlinear response, i.¢., the response deviation under different THz field excitation, was
studied. The latter demonstrates the configuration effect on device response, highlighting
the need for design engineering and optimization, to get the optimum performance on this
type of devices.

The results of this study, demonstrate an ultrafast mechanism of modulating the ab-
sorption amplitude of graphene based perfect absorbing devices, that of nonlinear THz
self-actions. Such devices could find applications in future dynamically modulated flat
optics configurations. Additionally, devices based on the work presented here can serve
for custom beams and pulse shaping of intense THz sources.



Chapter 9

Conclusions and outlook

In this thesis a self-consistent multi-physics simulation framework for the design and opti-
mization of graphene-based optoelectronic devices was developed. The methods and tools
developed here were carefully contrasted with the plethora of previous reports regarding
graphene-based configurations and are validated by experiment. Consequently, they can
reliably be used for the design, theoretical description and optimization of graphene-based
optoelectronics.

Utilizing the aforementioned simulation framework, the use of graphene, alongside
mature Si and CMOS based architectures, was explored in applications regarding pho-
todetection and modulation, targeting from the SWIR up to the THz part of the spectrum
[fig. 9.1].

Summary

In chapter 1 an introduction was given, outlining the need for the development of fast,
efficient and CMOS compatible optoelectronic devices. A brief review of graphene, from
its first isolation up to recent developments regarding fabrication processes and commer-
cialization of its use, is also presented in this first chapter.

Chapter 2 provided a review of current state-of-the-art technologies for free-space
photodetection and optical modulation. The currently available schemes and their figure of
merits were presented, while the configurations and physical mechanisms based on which
graphene can be utilized to realize such applications are outlined. A direct comparison
of up to date record performances with corresponding graphene-based devices was also
presented.

In chapter 3, a comprehensive theoretical layout of graphene’s optoelectronic related
properties is given. The concepts presented in this chapter are the basis upon which the
developed simulation framework was built.

Chapter 4 briefly reports on the computational tools and methods that were utilized to
built the simulation framework throughout this thesis.

In chapter 5 an optical modulator, targeting at the technologically important wave-
length of 1550 wm was presented. Through the utilization and optimization of Bragg
dielectric cavities, light absorption in graphene is enhanced, reaching ~ 100%. After-
wards, a scheme for modulating this perfect absorption is presented, exploiting graphene’s
ability to be electrostatically doped in a convenient and non-destructive manner. The pro-
posed electro-absorption modulation scheme is optimized and studied, found to be able
to achieve deep and fast reflection modulation irrespective of graphene quality, achieving
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performances comparable with state-of-the-art devices. The methods and tools developed
in this chapter are not device specific, since they can operate throughout the IR spectrum
after material selection and dimensional scaling.

Chapter 6 treated in a self-consistent manner the optical, electrical and optical proper-
ties of graphene, realizing the simulation-framework developed in this thesis and utilizing
it to explore the performance metrics of graphene/Si Schottky photodetectors operating in
the photo-thermionic regime. In this configuration, graphene’s broadband absorption al-
lows for photodetection beyond common semiconductors’ cutoff wavelengths and Schot-
tky barrier heights restrictions. The conclusions of the previous chapter were exploited to
design Bragg cavities loaded with SLG/Si Schottky PDs and their operation is examined
by varying all the relevant parameters (i.e., input power, reverse bias, material and junction
quality) using realistic assumptions and assuming both transient and CW operation. It was
shown that, under proper design and optimization, photo-thermionic graphene/semicon-
ductor photodetectors can achieve performances comparable to internal photo-emission
configurations in a spectrally unlimited scheme. Again, the platform developed in this
chapter can also operate in different wavelengths within MWIR, upon scaling its dimen-
sions and properly designing the configuration for the target spectral regime.

In chapter 7 the photo-thermionic platform was expanded even further, towards the
LWIR regime. The methods and conclusions derived from chapter 6 were utilized to de-
sign a novel platform for the electrical detection of graphene plasmons. The configura-
tion designed in this chapter can operate either as a photodetector, deep within the Pauli-
blocked spectral regime, or as a chemical sensor that can detect the presence of an analyte
and translate it to a direct electrical readout. A comprehensive study of both schemes
was performed, taking into account all the limitations regarding operation and fabrication
constraints, leading to performances comparable with previous reports on similar devices.
The conclusions derived and designs developed in this chapter can be easily expanded
in FIR spectral regime, where graphene plasmons are achievable, through dimensional
scaling and material selection to be used alongside graphene.

Finally, in chapter 8, the simulation framework developed in this thesis was utilized to
provide theoretical support in broadband, high intensity THz-TDS experiments performed
by our colleagues in IESL-FORTH. The model and methods developed in this thesis were
validated by experiment, while providing an explanation regarding the origins of the ex-
perimentally observed ultra-fast all-optical absorption modulation. The calculations per-
formed in this study, showed that the observed nonlinear THz self-actions originate from
THz-induced heating, which lowers graphene’s chemical potential and, consequently, its
optical conductivity. The latter leads to the disruption of perfect-absorption conditions,
present at low-carrier temperatures, resulting in the observed reflection modulation. More-
over, through the use of the simulation framework developed in this thesis, an insight in
graphene’s carrier dynamics under intense THz photoexcitation was possible, providing
access to all of graphene’s physical properties during transient operation. The latter can
be used for a better comprehension of all of the involved physical phenomena under in-
tense photo-excitation and the design of novel schemes regarding custom beams and pulse
shaping of THz sources.
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Figure 9.1: Concluding figure summarizing the devices studied in this thesis. (a) Electro-
absorption IR modulator consisting of SLG-loaded Bragg cavities [138]. (b) Electrical
detection of SLG plasmons for LWIR photodetection and chemical sensing [140]. (c)
Thermionic SLG/Si Schottky MWIR photodetectors [139] (d) THz self-induced absorp-
tion modulation in graphene [141].
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Graphene-based optoelectronics

The devices designed and studied here showcase that graphene-based optoelectronics,
upon proper design and optimization, can achieve performances comparable or even sur-
passing stat-of-the-art configurations.

Optical modulation in the technologically relevant wavelength A = 1550 nm, in a
reflection-mode, gate-tunable configuration was demonstrated, with modulation depth >
30 dB and low insertion losses (< 3 dB) at GHz frequencies with small (= 15) voltage-
bias swings in a CMOS compatible scheme. These merits outperform previous reports
of free-space modulation in SWIR (2.1), surpassing both graphene and Si-based devices.
Most importantly, it is demonstrated that these performances can be obtained irrespective
of graphene quality, under optimized configurations based on dielectric Bragg cavities.
The temporal response of this scheme is limited by the parasitic resistance-capacitance
effects of the supporting circuitry for the bias application. To overcome this, an all-optical
scheme was demonstrated in the THz regime, where graphene’s nonlinear response to
THz-induced carrier heating leads to reflection modulation of ~ 30 db, which can be
utilized for custom pulse shaping of intense THz sources.

Infrared photodetection, in the MWIR up to FIR spectral regimes, was also demon-
strated, utilizing photo-thermionic emission across graphene/Si Schottky junctions. Af-
ter an extensive study of all operation parameters, MWIR photodetection with calcu-
lated responsivities in the order of 1 A/W at high power excitation and 100 mA/W at
low power excitation were demonstrated. These, resulted in a specific detectivity of
~ 10 " cmHz"® W~ in unbiased operation at with ~ GHz temporal response. Even
though these figures are inferior compared to state-of-the-art technology (figs. 2.2 -2.4),
which utilizes HgCdTe and III-IV compounds, the configurations assumed here are Si
based and full CMOS compatible allowing for co-integration with supporting circuitry in
a convenient and cost-efficient manner. Moreover, the photo-thermionic configuration has
an ultra-broadband response, not limited by either semiconductor bandgap nor the devel-
oped Schottky barrier height at the junction, allowing for photodetection at even longer
wavelengths. This fact was exploited to numerically demonstrate photodetection at LWIR,
enabling the electrical detection of graphene plasmons. A novel scheme was designed,
where hot-carriers in graphene are created upon plasmon-induced enhanced light absorp-
tion, to thermionically inject them across the Schottky barrier and harvest the resulting
photocurrent with responsivity up to ~ 100 mA/W, NEP ~ 190 pW/Hz’® and detectivity
up to ~ 5 x 10° em Hz"® W~ with ~ GHz cutoff frequency. The designed scheme al-
lows for the realization of efficient and fast photodetection beyond the cutoff wavelength
of state-of-the-art HgCdTe and III-IV platforms (~ 10 pum). Moreover, it was demon-
strated how this scheme can be utilized for label-free chemical sensing, able to translate
the presence of an analyte in the vicinity of graphene in a direct electrical signal.

Outlook and future perspective

Despite the remarkable performances reported up to date regarding graphene-based opto-
electronic devices, many challenges are yet to be met towards their commercialization and
use in practical applications. To overcome the barrier from proof-of-concept demonstra-
tions towards marketable every-day devices, several technical issues need to be resolved,
regarding scalable, high-quality and low-cost synthesis. Impressive efforts have been
made in this directions regarding graphene, with other 2D materials soon to follow. An-
other major issue towards commercialization, is to find ways to exploit graphene’s unique
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properties and realize novel and high-performance optoelectronic devices. Towards this
end, realistic modeling tools, including graphene’s optical, electrical and thermal proper-
ties, are of critical importance for considering and optimizing novel device concepts and
architectures.

The simulation framework developed here includes all of graphene’s unique carrier
dynamics. At the same time, rather than studying graphene as an isolated material, it can
be used for full-device representations, under transient or CW operation, as demonstrated
in this thesis. This task is performed by inserting in the developed model all the rele-
vant figures of merit regarding graphene and heterojunctions’ quality, along with a whole
spectrum of operation parameters. The self-consistent algorithms developed to realize the
implementation of this simulation framework ensure stability of operation and accurate
description of the interplay between graphene’s electrical, optical and thermal properties
upon photoexcitation. Thus, they provide a powerful tool for the design and optimization
of realistic graphene-based configurations, while providing an insight into the underlying
physics.

The reliability of the developed model was demonstrated in chapter 8, with its exper-
imental validation in THz-TDS experiments. Graphene’s response was accurately simu-
lated, accounting for the contributions of the materials used alongside graphene and the
configuration architecture effects on experimentally measured quantities. The response
of the studied device was replicated from our calculations, accounting for the interplay
of graphene’s properties, in a wide range of carrier temperatures and in an ultra-wide ex-
citation spectrum. Upon photoexcitation, graphene’s parameters that are not accessible
for direct experimental measurement, e.g. carrier temperature and intraband conductivity,
were extracted, using the tools developed here, by utilizing the reflectance measurements
of the studied device.

Even though, in the context of this thesis, optoelectronic devices were explored assum-
ing Si-based configurations alongside graphene, the methods and tools developed here are
not material specific, but can be expanded to simulate graphene’s response alongside other
material platforms, e.g. 2D materials’ heterostructures. More than 100 stable 2D materials
have been reported up to date [24,114—119], which can lead to endless combinations for the
stacking of Van-der-Waals heterostructures [34], each one with a different and unique op-
toelectronic response. The combination of graphene with other 2D materials can enhance
the latter’s unique properties (e.g., ultra-high mobilities have been reported for graphene
encapsulated within other 2D crystals [492]) while device miniaturization is intrinsically
easier and more effective when using stacks of 2D atomic crystals. However, the numerous
combinations that can be utilized from these heterostructures, require the computational
study of their performance and guide fabrication and experimental research towards the
most effective configurations. Having establish the computational tools to describe the
graphene—bulk semiconductor Schottky junctions in this thesis, these can be expanded to
study the 2D-2D analog of carrier transport across energy barriers created between 2D
heterostructures. Furthermore, the self-consistent algorithms developed here, can be ex-
panded to include additional phenomena, e.g. vertical heat transport across Van-der-Waals
stackings as well as lateral heat diffusion in each constituent, to accurately describe the
thermal properties of 2D heterostructures upon photoexcitation and their subsequent heat-
ing.

Moreover, an in-house FDTD algorithm, which will include graphene’s temperature
and wavelength depended optical response can be developed. Commercial FDTD solvers
that include graphene, accounting for its 2D nature by implementing it as a 2D surface
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boundary (e.g., Lumerical FDTD solver [399]) are already available. However, these do
not account for the temperature-induced variation of SLG optical conductivity, since free-
carrier relaxation time 7, is inserted in such simulators as a fixed value. Combining the
tools developed in this thesis with a custom-built FDTD algorithm will allow for the ac-
curate simulation of graphene-based devices with complex geometries, by importing the
time-dependent signals that are utilized for photoexcitation and accounting for the inter-
play between graphene’s optical and thermal properties. Doing so, the response upon ex-
citation with ultra-fast optical pulses could be simulated, allowing, e.g., the computational
study of pump-probe configurations to explore graphene’s carrier dynamics and propose
novel optoelectronic schemes, e.g., all-optical modulators.

The straightforward and efficient implementation of the computational methods pre-
sented here, also allow for co-integration of the developed simulation framework with
commercial solvers, towards the creation of key software modules for designing graphene-
based optoelectronic devices. Even though, in the context of this thesis, we focused in
free-space configurations, the integration of the developed tools with commercial optical
simulators will allow for the reliable simulations of waveguide-integrated schemes that
precisely include graphene’s optoelectronic response. Integrated photonics holds a huge
potential regarding the applications studied here [209], with the ability to result into high-
performance devices. In this regard, the accurate simulation of graphene integrated in
such configurations is critical.

Finally, the developed model can be exploited for the study of graphene-based meta-
surfaces, the latter being the 2D analog of metamaterials. Graphene-based metasurfaces
have been reported to hold the potential for a wide variety of applications, e.g. spatiotem-
poral modulators, amplitude and phase modulation, harmonic generation, beam steering
and more [493—496]. Consequently, they are a blooming research field and the interest of
scientific community, regarding these configurations, is growing rapidly. The computa-
tional tools developed in this thesis can be utilized, either with all-custom-built software
or in conjunction with commercial solvers, for the study of these novel optoelectronic
configurations.
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Enhancing light absorption in
graphene: Critical coupling

Graphene’s visible to NIR absorption of ~ 2.3% is a remarkably figure, given its mono-
atomic thickness. Nevertheless, for practical applications, this figure needs to be im-
proved, especially if we take into account that placing graphene on a substrate or em-
bedding it in a dielectric its absorption drops even further. For example, in the thin film
limit, placing graphene between a dielectric with index n; and a substrate with index n,
its absorption in the VIS - NIR is [285]:

4711

~0.023———
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(A.1)

Absorption in the MWIR to THz spectral regime can be enhanced utilizing graphene plas-
monics, as discussed in section 3.3. In the VIS — NIR regime, where graphene plasmons
cannot be realized due to doping limitations, there is a vast amount of research regard-
ing the enhancement of SLG absorption, resulting to the realization of graphene-based
perfect absorbers [407,421,497]. To achieve this, there have been studies demonstrating
various techniques, including the utilization of localized surface plasmon resonances on
metals [285,498], Fabry-Perot cavity resonances [438,499, 500] and guided mode reso-
nances [410,411,501-504].

In the context of this thesis, the critical coupling mechanism [407,410,411,422] is
utilized to enhance graphene’s absorption. The latter is a resonant effect, in which per-
fect absorption in a cavity can be achieved under certain conditions. Let assume a lossy
resonant cavity with stored energy ]a|2 in a single resonance at wy, interacting with input
and output (reflected) waves of amplitudes v and y, respectively, as for fig. A.l1. This
configuration can be described within the context of coupled mode theory [422] using:

da )
- = (—iwo — Ya — Ya) @ + ur/274
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with 7, the mode leakage rate, v, and the resonator absorption rate. Note that this config-
uration is a single port system, i.e. light is incoming only from one side, while the trans-
mission through the cavity is suppressed using a metallic backmirror. The latter is crucial
to achieve perfect absorption, since in a double port system (e.g. without the opaque back-
mirror) the maximum absorption that can be achieved, assuming illumination only from
one side of the cavity, is 50 % [410,422]. The single port system can be realized using two

(A.2)
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different configurations; one with just the opaque backmirror [fig. A.1(a)] and one with
a partially transmitting mirror in front of the resonant cavity [fig. A.I1(b)]. The former
can be constructed using a dielectric spacer between the resonator and a metallic back-
mirror, where the latter can be fabricated using dielectric Bragg - cavities between the
resonator and the metallic backmirror. Note that the second configuration is more suitable
for weakly absorbing materials, such as SLG in the VIS — NIR regime. In both cases the
reflection is given by [410,422]:

vz (w0 -0’ + (= 1)

R= = (A.3)
u (wo — w)* + (Ya + 7a)*
and the absorption [410,422]:
4
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From eq. A.4 it is apparent that at resonance (w = wy), if the cavity decay rate -, is equal
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Figure A.1: Resonant cavities used to utilize critical coupling using (a) an opaque back-
mirror (b) an opaque backmirror along with a partial transmitting mirror in front of the
cavity.

to the absorption rate ~,, perfect absorption (e.g., A = 100%) occurs. This is a particular
useful configuration for graphene-based devices, since SLG absorption can be tuned (e.g.
using electrostatic gating), giving one the opportunity to impose critical coupling condi-
tions. In this thesis the above mechanism was exploited to enhance light absorption in the
graphene-based studied devices.



Appendix B

Computational details regarding the
developed simulation framework

The simulation framework developed in this thesis was written in Fortran. This program-
ming language was chosen, since it is one specifically developed for scientific computing.
Being fast and simple in its implementation, it was an ideal choice for this work, which
includes a vast amount of numerical integrations and iterative algorithms (e.g. 4RK, self-
consistent solution for the quasi-CW approach to acquire graphene carrier temperature,
self-consistent solution for Schottky barrier calculation and more). Since no high-level
programming (e.g. object-oriented algorithms) was required in this work, the use of For-
tran resulted in an efficient framework.

As a result, the time stepping using 4RK, required to calculate a graphene-based de-
vice’s temporal response, assuming excitation with a single wavelength (as for chapter 6)
can be concluded within ~ 1 minute in a single core of a personal computer. If the quasi-
CW approximation is used instead (i.e., implementing the algorithm of fig. 3.16, as for
chapters 6 and 7), the calculation for a given input power density converges within few
seconds (e.g., the whole spectrum depicted in fig. 6.7, accounting for all 4 different values
of F' can be acquired within ~ 5 minutes). The time-stepping method, assuming illumi-
nation with a broadband spectrum, as for chapter 8 requires slightly longer computational
time, in the order of ~ 3 minutes.

Apart from being efficient, the developed simulation framework is flexible and modu-
lar, able to be implemented alongside commercial software (e.g. Lumerical FDTD solver
[399]) for the simulation of graphene-based devices. At its heart lies a Fortran code, of
~ 1500 lines, regarding the carrier dynamics and internal properties of graphene (e.g.,
equilibrium and non-equilibrium chemical potential calculations, Fermi integrals for the
extraction of carrier densities, thermal capacity, optical conductivity, refractive index,
optical-phonon thermal current density et.c.). The above can be combined with an in-
house TMM code of ~ 500 lines, to extract the optical response of graphene used along-
side different materials, the latter’s contribution taken into account upon inserting their
refractive indices spectra. Graphene-Si Schottky heterojunction formation and the associ-
ated thermionic thermal and electrical current densities are described with a few additional
subroutines, in ~ 250 lines of code. All the above are self-consistently included in a ~
1000 lines of code to extract either the quasi-CW solution or the temporal response using
4RK, depending the user’s choice for the studied application.
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4RK
ABC
ADE
BOL
CMOS
CNP
CvVD
CwW
EO
FDTD
FE
FIR
FWHM
GNR
GSP
IL

IPE

IR
LWIR
MD
MF
MWIR
NEP
NIR
PBC
PC

PD

PG
PML

4% order Runge - Kutta method
Absorbing boundary conditions
Auxiliary differential equation
Bolometric

Complementary metal-oxide semiconductor
Charge neutrality point

Chemical vapor deposition
Continuous-wave

Electro-optic

Finite difference time domain

Field emission

Far infrared (15 - 1000 pm)
full-width-at-half-maximum
Graphene nanoribbons

Graphene surface plasmons
Insertion Loss

Internal photoemission

Infrared

Long-wavelength infrared (8 - 15 um)
Modulation Depth

Modulation frequency
Mid-wavelength infrared (3 - 8 pum)
Noise equivalent power

Near infrared (0.8 - 1.4 um)
Periodic boundary conditions
Photoconductive

Photodetector

Photogating

Perfectly matched layer
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PTh
PV
QW
RT
SBH
SC
SEIRA
SLG
SOTA
SPP
SWIR
TE
TFE
THz-TDS
™
TMM
VIS
e-ph
h-BN

Photo-thermionic emission
Photovoltaic

Quantum well

Room temperature

Schottky barrier height
Semiconductor

Surface enhanced infrared absorption
Single layer graphene
State-of-the-art

Surface plasmon polaritons
Short-wavelength infrared (1.4 - 3 um)
Transverse electric

Thermionic field emission

THz time-domain spectroscopy
Transverse magnetic

Transfer matrix method

Visible part of the spectrum
Electron-phonon scattering

Hexagonal boron nitride
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